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ABSTRACT 
 
Research in metal-organic frameworks (MOFs) has risen greatly in recent decades Owing to their 
unequaled potential tunability and structural diversity. MOFs may be described as crystalline structures 
composed of metal cations or clusters of cations, commonly referred to as secondary building units 
(SBUs), and custom-designed organic ligands. The variety of structural motifs, ligands, and SBUs that 
may be incorporated promote the attainment of essentially countless potential MOFs and application in 
numerous areas of interest, such as gas adsorption, catalysis, gas separation, and sensing. Further 
functionalization of MOF materials by means of post-synthetic modification(PSM)33–37 of metal 
clusters or organic ligands, constructing frameworks using functional ligands or metal clusters, and 
incorporating advantageous molecules including organometallic molecules,38–41 enzymes,42–45 metal 
nanoparticles (NPs),8,46–48 heteropolyacids49–51 within the pores advance the diverse number of 
species, including organic ligands, inorganic metal ions/clusters, and guests, used to construct MOFs 
materials lead to MOFs materials possessing phenomenal properties.  Implementation of these materials 
in sensing arises from the frameworks’ characteristic ability to increase the concentration of a desired 
analyte to a greater degree than its overall presence within the system; imparting an inherent sensitivity to 
the aforementioned analyte. MOFs materials also possess the potential for selectivity for specific analytes 
or classes of analytes through mechanisms such as size exclusion (molecular sieving), chemically specific 
interactions between the adsorbate and framework, and the directed design of pore and aperture size 
through the selection of appropriate organic linkers or struts.  
Flexible azamacrocycle-based ligands are constructed through the use of pliable 
carboxylate pendant arms and azamacrocycles, e.g cyclen and tacn, and used in the pursuit of novel 
ix 
 
metal macrocycle frameworks (MMCF). Polyazamacrocycles represent a popular class of 
macrocyclic ligands for supramolecular chemistry and crystal engineering. This popularity may 
be due to their complexes’ high thermodynamic stability, relative kinetic inertness, basicity, 
transition metal-ion coordinating ability and rigid structure. Furthermore, their utilization 
promotes intriguing network topologies as coordination in complexes containing tetradentate 
azamacrocycles generally produces only two isomers differing via the coordination ligand’s 
conformation. The highly reported equatorial N4 coordination of the macrocycle allows for 
interaction at the two vacant trans-axial positions, whilst the folded conformations permits 
interaction at two vacant cis positions. Azamacrocycle complexes differ from those of other classes 
of macrocycles due to the fact the macrocyclic cavity is commonly occupied by metal cations. 
Materials containing azamacrocycles have found use in applications such as bleaching and 
oxidative catalysis and molecular recognition. Cyclen units have reportedly been incorporated to 
construct pH-dependent selective receptors for copper (II), zinc(II), yttrium(III), and 
lanthanum(III) ions. Herein, we describe the synthesis and characterizations of a new lanthanide 
framework, La(C40H40N4O8)(NH2(CH2)2)NO3 or MMCF-3, which retains a vacancy in the 
macrocycle unit encourages the utilization of the framework as a cation receptor and precursor for 
heterometallic frameworks. The inclusion of azamacrocycles into MOF materials combine the 
characteristic high thermodynamic stability, basicity, and strong metal complexation of the 
macrocycles with the high porosity, surface area, and tunability of the frameworks. Full realization 
of the potential of Azamacrocyclic-based MOFs requires the preparation of new entrants to this 
class of materials that espouse various topological structures while incorporating diverse 
azamacrocycles. It has been shown that the hierarchical porosity associated with macrocyclic 
based frameworks can be obtained using this class of ligands.71,99 The development of more 
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frameworks exhibiting this characteristic is needed to fully investigate the potential applications 
of MOFs retaining the vacant cavities of the azamacrocycles. Effectuation of hierarchical porosity 
of azamacrocyclic frameworks will broaden sensing applications, e.g. azamacrocycles have 
performed as receptors of anions, cations, amino acids and other analyte molecules, and provide 
an ideal slot to integrate open metal site into MOFs. 
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CHAPTER ONE: INTRODUCTION 
Note to Reader 
Portions of this chapter have been previously published in Polyhedron, 2018, 145: 154-165, and 
have been reproduced with permission from the Elsevier. 
1.1. Metal Organic Frameworks 
Owing to their unequaled potential tunability and structural diversity, metal-organic 
frameworks (MOFs) have attracted broad interests as an adaptable potential platform for a breadth 
of investigations in research ranging from exploring fundamental understandings of surface 
chemistry to applied research.1–10 Characteristic high porosity and surface area displayed by MOFs 
cement the materials’ promise for applied research; finding application in gas storage and 
separation,11–15 catalysis,16–19 sensing,20–22 proton conduction,23–26 and drug delivery.27–29As 
crystalline structures composed of metal ions or metal clusters of cations, commonly referred to 
as secondary building units (SBUs), and custom-designed organic ligands30-32, the variety of 
structural motifs, ligands, and SBUs that could be incorporated into the materials, encourage the 
realization of essentially countless potential MOFs. Further functionalization of MOF materials by 
means of post-synthetic modification(PSM)33–37 of metal clusters or organic ligands, constructing 
frameworks using functional ligands or metal clusters, and incorporating advantageous molecules 
including organometallic molecules,38–41 enzymes,42–45 metal nanoparticles (NPs),8,46–48 
heteropolyacids49–51 within the pores advance the diverse number of species, including organic 
ligands, inorganic metal ions/clusters, and guests, used to construct MOFs materials lead to MOFs 
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materials possessing phenomenal properties.  The modular variability of these materials highlights 
the researchers’ abilities to engineer properties into MOFs following a bottoms-up approach, 
exploiting geometric, chemical, and electronic features presented in the organic and inorganic 
building blocks.52–56 
1.2. Azamacrocycles 
Polyazamacrocycles denote a popular class of macrocyclic ligands for supramolecular 
chemistry and crystal engineering. These ligands offer greater versatility than their crown ether 
analogues and other oxygen heteroatom containing macrocycles, e.g. cyclodextrins. Amines 
exhibit strong proton affinities due to greater basicity, may impart their lone pair electrons to Lewis 
acids, and may behave as strong Lewis acids which allows for their interaction with diverse anionic 
moieties via electrostatic interactions. The nitrogen heteroatom associates more strongly with 
transition metal ions than the oxygen heteroatom, shows capability to also coordinate to lanthanide 
metal ions, and its reduced electronegativity enhances the accessibility of lone pairs for complex 
formation. The saturated amine group may be modified to an imine, amide, or hydroxylamine 
moiety to increase complexity. Furthermore, the azamacrocycle may be employed as the 
macrocycle unit of a rotaxane moiety. The integration of this class of ligands in MOF structures 
lends the opportunity import N-donors, advance topological diversity, and impart the potential 
hierarchical porosity associated with macrocycles. 
Complexes incorporating these ligands often exhibit a characteristic high thermodynamic 
stability and relative kinetic inertness, allowing for researchers to ignore any potential for 
dissociation in harsh MOF synthetic conditions. Furthermore, azamacrocycle complexes uniquely 
differ from other groups of macrocycles commonly employed in MOF synthesis through the 
 3 
 
macrocycle’s capability to promote strong metal complexation during crystal synthesis which, 
whilst enhancing topological diversity,57-60 produces a metallated-azamacrocycle complex.  This 
complex possesses a propensity to be regarded as a static structural moiety as it remains inert with 
respect to compositional changes during the formation of further coordination bonds to bridging 
ligands and supramolecular aggregates, but eliminates all activity of the macrocycle toward its 
reported applications  upon its occupancy by various metal cations.61 This strong coordination 
ability promotes interesting network topologies with an adroitness toward the purposeful design 
of frameworks with preconceived topology. The coordination interaction of tetradentate 
azamacrocycles promotes two possible types of conformational isomers; firstly, abundantly 
reported square planar equatorial N4 coordination configurations (trans) which permits interaction 
at the remaining vacant trans-axial positions, and a folded conformation (cis) with two vacant cis 
Figure 1.1: (a) Azamacrocycles employed in metal complex linear linkers, (b) N-functionlized Azamacrocycle ligands, and (c) Carboxylate co-
ligands employed in the preparation of Azamacrocyclic MOFs discussed in this chapter. 
 4 
 
positions, shown in Figure 1.2. Amongst the possible trans configurations, types I, III, and IV, as 
identified using Bosnich terminology63, are favored. Due to the abundance of trans configurations 
of similar energies, disorder of the macrocyclic unit in the crystal structure if MOFs is common. 
The folded conformation of N4 azamacrocycles is widely unobserved within reported MOF 
structures. 
In this chapter, we endeavor to delineate recent advances of the fabrication of 
azamacrocycles into MOF structures. Furthermore, we discuss the main applications investigated 
using azamacrocycle-containing MOFs, which include molecular recognition and separation, 
template synthesis, gas adsorption, and heterogenous catalysis. The reported MOF structures have 
been divided by the employment of discrete transition metal-azamacrocycle complexes as organic 
Figure 1.2: Coordination configurations of N4 azamacrocycles shown 
using Cyclam. Reprinted with permission from ref. 63. Copyright 
1965 American Chemical Society. 
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building blocks and azamacrocyclic derivatives functionalized via N-alkylation of coordination 
capable pendant arms.  
1.3. Design Strategies for Incorporation of Azamacrocycles into Frameworks 
The prevalence of square-planar azamacrocyclic complexes have established the use of 0D 
complexes of popular N4-azamacrocycles, e.g. 1,4,7,10-tetrazacyclododecane (cyclen) and 
1,4,8,11-tetraazacyclotetradecane (cyclam), as structure growth directors.59,62-64 Azamacrocycles 
employed in this fashion are depicted in Figure 1.1a. The 0D complex dictates the extension of the 
framework in linear fashion via coordination to the only available coordination sites at the trans-
axial position, thereby simplifying the design, prediction and structure elucidation of network 
structures. The aforementioned describes the prevailing design methodology that governs the 
larger majority of reported MOF structures which combine the metal-azamacrocyclic complex 
Figure 1.3: Azamacrocyclic MOF formed using NiII-1,3,5,8,10,12-
hexaazacyclotetradecane-3,10-diethanol macrocyclic complex with BTC3- (a) 
ORTEP view of the trinuclear unit with atomic numbering scheme. (b) 
Projection along a axis, displaying honeycomb structure. (c) CPK presentation. 
Reprinted with permission from ref. 65. Copyright 1998 American Chemical 
Society. 
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with organic ligands of multidenticity to afford extended frameworks.59  More recently, reports 
have arisen of structures composed using azamacrocycles functionalized via the alkylation of an 
appropriate pendant with a functional moiety capable of coordination at the nitrogen heteroatom 
of the macrocycle, which can preclude the need to employ secondary bridging ligands to form 
extended networks. Functionalized derivatives of azamacrocycles present two advantages to MOF 
synthesis; firstly, their use precludes the need of a secondary bridging ligand to produce an 
extended framework, and, secondly, a potential to produce MOFs with secondary porosity arising 
from vacant macrocycle cavities that may fully be utilized post-MOF formation.60-61 
1.3.1. Employment of discrete transition metal-azamacrocycle complexes 
The earliest reported azamacrocycle-based MOF was observed by Choi et al65 in 1998 
when employing a NiII-1,3,5,8,10,12-hexaazacyclotetradecane-3,10-diethanol macrocyclic 
complex with 1,3,5-benzenetricarboxylate (BTC3-) in solvothermal synthetic conditions in excess 
pyridine (Figure 1.3). The exploitation of a tricarboxylate ligand as a triangular building unit 
alongside a linear linker in the form of a macrocyclic complex that exhibits a square-planar 
geometry will encourage the development of a 2D framework with honeycomb type cavities. Six 
macrocyclic complexes and six tridentate ligands constitute each cavity; wherein each NiII-
azamacrocyclic complex contributes to two cavities and each BTC3- contributes to three, giving a 
2D network of stoichiometry MII:L=3:2. Supramolecular interlayer interactions often prompt the 
alignment of the pores of a 2D honeycomb framework to produce 1D channels within a pseudo-
3D coordination network. Hydrogen bonding, between the macrocycle hydroxyl pendants and the 
amine moieties of a macrocycle in an adjacent layer, and π-π stacking interactions, between guest 
pyridine molecules and BTC3- anions, afford 1D channels of effective cavity size of 11.4 x 11.4Å2. 
Like many early MOF materials, the framework undergoes structural changes upon guest removal. 
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Self-assembly with larger tricarboxylate ligands result in framework interpenetration. In 2005, Suh 
et al66 utilized a NiII-cyclam complex in conjunction 1,3,5-tris[2-(4-carboxylphenyl)-1-ethynyl] 
benzene (TCPEB3-) to produce a 2D network of threefold parallel interwoven (6,3) nets with 
triangular voids of effective cavity size 18.4 x 14.7 x 9.5 Å3 and 35% free crystal volume.   
Supramolecular interactions can also encourage 3D pseudo- MOF type structures from 1D 
coordination polymers (CPs).59-61 As demonstrated by Suh et al.,59 self-assembly between a NiII-
cyclam complex and 2,2'-bipyridyl-5,5'-dicarboxylate (BPyDC2-) afforded a 1D CP 
{Ni(cyclam)(BPyDC)]•H2O} which forms an extended supramolecular structure in the  manner of  
a double network of three-fold braids made by CP chains extending in three different directions, 
aided by C-H-π interactions arising between the macrocycle and the pyridyl moieties of the ligand 
(Figure 1.4). The packing results in 1D channels with honeycomb openings with an effective cavity 
size of 5.8 Å. Similar results were achieved with a NiII-cyclam derivative complex alongside 4,4'-
biphenyldicarboxylate. The resulting framework exhibited 1D channels with honeycomb openings 
of an effective 7.3 Å pore size.67 The framework displays thermal stability up to 300°C and exhibits 
permanent porosity, gas storage capability, and selective guest binding properties.  
Figure 1.4: X-ray structure of {Ni(cyclam)(BPyDC)]•H2O}. a) Structure 
of the linear coordination polymer. b) View on the ab plane showing the 
linear coordination polymer chains extending in three directions; water 
guest molecules occupying the channels are depicted in CPK style (red). 
c) View showing the stacking of the linear chains, which generates 1D 
channels. Reproduced from Ref. 59 with permission from John Wiley & 
Sons, Inc. 
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Utilization of tetrahedral tetradentate bridging ligand with a metal-azamacrocycle linear 
linker produces a diamondoid type network with adamantoid cages. In 2005, Suh and co-workers68 
obtained a diamondoid network, [[Ni(cyclam)] (ClO4)]2[TCM]·2DMF·10H2O from the self-
assembly of tetrakis[4-(carboxyphenyl) oxamethyl] methane (TCM) with a NiII-cyclam complex 
(Figure 1.5). The framework’s large adamantanoid cages, with dimensions of 49.2 Å x 50.8 Å x 
44.3 Å, prompt an 8-fold interpenetration in the [4+4] mode that generates 1D channels of a 
window size of 6.7 Å x 4.7 Å. The structure possesses 35% free crystal volume and thermal 
stability up to 300°C; however, it displayed a lack of porosity upon guest removal yet could be 
restored with immersion into a H2O:DMF solution; this flexile behavior is indicative of some 
MOFs employing flexible linkers.  
 Recently in 2016, Almáši et al69 were able to achieve a microporous MOF{[Zn2(µ4-
MTB) (κ4-cyclam)2] ·2DMF·7H2O} from a solvothermal reaction of methanetetrabenzoic acid 
(H4MTB) and a Zn
II-cyclam complex, formed in-situ. The MOF displayed a four-fold 
interpenetrated diamondoid structure with 1D channels of sizes 14.1 x 14.1 and 2.4 x 2.4 Å2. 
BET surface area calculations of the material gave specific surface areas 644 m2/g (N2) and 561 
Figure 1.5: Self-assembly of [Ni(cyclam)]2+ and TCM4- in DMF/water (1:1, v/v) 
resulted in [Ni(cyclam)]2[TCM]·2DMF·10H2O. Reprinted with permission 
from ref. 68. Copyright 2005 American Chemical Society. 
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m2/g (Ar), pore volumes 0.246 cm3/g (N2) and 0.239 cm
3/g (Ar), and pore size diameters of 0.65 
nm (N2) and 0.64 nm (Ar).  
1.3.2. Strategies for functionalized derivatives of azamacrocycles  
The exploitation of functionalized derivatives of azamacrocycles for MOF synthesis 
further increase the potential structural diversity while simultaneously raising the intricacy of the 
design methodology describing metal-azamacrocycles as linear linkers.  Synthetic modification 
via the direct nitrogen alkylation of the amine moiety of the macrocycle in reaction with an alkyl 
or benzyl halide can integrate pendant arms bearing functional moieties capable of coordination, 
e.g. carboxylates, phosphonate, nitriles etc.61 The macrocyclic ligand may now be treated as a 
polydentate structural building unit and often still forms a metal-azamacrocycle complex in situ or 
by design prior to crystallization of an extended network.  The polydentate azamacrocyclic 
complex may then afford intriguing 3D structures through coordination of the pendant moieties to 
metal ions or clusters, not excluding the inter- or intramolecular interaction between the functional 
group and the metal-azamacrocyclic complex. Other secondary co-ligands may be introduced to 
Figure 1.6: (a) The tactmb ligand; (b) the coordination unit of 
MMCF-1; (c) the two-fold interpenetrating structure viewed from 
the b direction; (d) the two-fold interpenetrating structure viewed 
from the c direction. Reproduced from Ref. 72 with permission from 
The Royal Society of Chemistry. 
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further raise network complexity.  Additionally, supramolecular interactions originating from 
hydrogen bonding between the functional moiety of the pendant arms, the amines of the 
macrocycle, and solvent guests, as well as, π-π interactions with aryl groups of pendant arms may 
also facilitate the formation of an extended 3D framework.59-61 In comparison to the rigid type 
structural building unit discussed previously, these flexible type ligands offer multiple favorable 
conformations of similar energies to promote structural diversity yet difficult crystallization with 
metal ions. Thusly, there are few reported examples of MOFs employing functionalized 
derivatives of azamacrocycles. 
In 2012, Zhu et al70 report using 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid 
as a bifunctional organic linker to afford isostructural prismatic crystals of 
[Eu2Zn3(TETA)3(H2O)4] •12H2O and [Gd2Cu3(TETA)3(H2O)2] •6H2O, which represent the first 
3d-4f heterometallic azamacrocyclic MOFs. The frameworks feature a distorted octahedral 
transition metal macrocyclic complex, wherein the metal coordinates to the nitrogens of the 
macrocycle and two carboxylates on the pendant arms while the two other carboxylates are 
protonated and uninvolved in coordination. Each lanthanide ion exists in a nine-coordinate 
distorted tricapped triprismatic geometry; each atom coordinates to two water molecules and five 
TETA4- ligands. This gives rise to a 3D pillared-layer framework with 1D hexagonal channels with 
window dimensions 17.82 x 15.03 Å2. In 2013, Zhu et al71 showed the hydrothermal reaction of 
Pb(II) with H4TETA afforded a porous MOF structure [Pb2(TETA)] ·6H2O. The framework 
exhibits a trigonal space group R-3. The 3D framework is formed via crosslinked 1D chains of 
lead atoms hexacoordinated by two carboxylate oxygens and two amine moieties from a single 
macrocycle ligand along with two carboxylate oxygens from two separate macrocycle moieties. 
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Interestingly, the unoccupied macrocycle acts as a pillar linker. The framework contains 1D 
hexagonal channels with windows of dimensions 22.35 x 19.01 Å2.   
In 2012, our group72 obtained a two-fold interpenetrating microporous MOF (MMCF-1, 
Metal-Macrocyclic Framework) from the solvothermal reaction of azamacrocyclic 
tetracarboxylate ligand 1,4,7,10-tetraazacyclododdecane-N, N’, N’’, N’’’-tetra-p-methylbenzoic 
acid (tactmb) with Cd(NO3)2·4H2O. MMCF-1 exhibits space group P21/c with an asymmetric unit 
containing two unique Cd atoms; the first is seven coordinated with six oxygen atoms of three 
carboxylate groups from three separate ligands alongside one water molecule and the second is 
six-coordinated to the four nitrogens of a macrocycle and the oxygen atoms of a separate tactmb 
(Figure 1.6). MMCF-1 possesses two types of rectangular channels of sizes 4.8 x 4.8 Å2 and 7.5 x 
8.2 Å2, thermal stability up to 320°C, and a BET surface area of ~500 m2/g. The solvothermal 
reaction of tactmb with copper nitrate affords [Cu2(Cu-tactmb) (H2O)3(NO3)2], MMCF-2,
73 which 
crystallizes in the Pm3m space group. The framework exhibits an nbo topology arising from two 
different types of 4-connected square planar nodes, copper paddlewheels and the Cu-metallated 
tactmb ligand. MMCF-2 exhibits nanoscopic cuboctahedral cages with CuII-metalated 
azamacrocycles occupying the six square faces and paddlewheel SBUs occupying the vertices. 
Figure 1.7: Structure of [M(H4tactmb)Cl]2·[MCl4]·2EtOH (M=Ni, Co). Left) 
Diagram of the carboxylic acid tetramer hydrogen bond motif. (Centre) 
Representation of the tetrachloridonickelate anion environment within the 
structure, with framework atoms de-emphasized for clarity. (Right) View of two 
layers showing alternating incidence of tetrachloridometallate anions and cavity 
space containing disordered solvent. Hydrogen atoms not participating in 
hydrogen bonding. Reproduced from Ref. 74 with permission from The Royal 
Society of Chemistry. 
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Thermogravimetric analysis established stability up to around 290°C, and nitrogen adsorption 
studies at 77K revealed a BET surface area of about 450 m2/g.   
In 2014, Hawes et al74 reacted tactmb with either nickel (II) chloride hexahydrate or cobalt 
(II) chloride hexahydrate to produce isostructural frameworks, [M(H4tactmb)Cl]2 ·[MCl4] ·2EtOH 
(M=Ni, Co), characterized by discrete nickel (II) and cobalt (II) macrocycle complexes that 
produce 2D sheets from the formation of rare hydrogen-bonded carboxylic acid tetramers with 
checkerboard cavities (Figure 1.7). The sheets further organize into a 3D supramolecular 
framework due to π-π interactions between the aromatic rings of the pendant arms. The range of 
structural diversity and framework complexities afforded from the functionalized derivatives of 
Figure 1.8: (a)Gas adsorption isotherms of [(NiL)3(TCBA)2]·12H2O 
for N2 (blue) and H2 (black) at 77 K, and CO2 (red) at 195 K. (b) 
CO2 adsorption isotherms for 1d measured at 273 K (red), 298 K 
(blue), and 323 K (black) (the solid and hollow symbols represent 
adsorption and desorption. Reproduced from Ref. 88 with 
permission from The Royal Society of Chemistry. 
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azamacrocycles H4TETA and H4tactmb demonstrates unsuitability of design strategies applied to 
rigid organic struts when synthesizing MOFs. 
 
1.4. Applications utilizing Azamacrocyclic-based MOFs 
1.4.1. Gas adsorption and storage 
The hallmark high surface area and porosity of MOF materials have long been one of 
driving forces in the investigation of their gas sorption and storage capabilities for energy-efficient, 
eco-friendly adsorptive technologies.20, 75-79 Potential tunability of pore size by employing selected 
organic struts and catenation, as well as, modulation of framework properties through the inclusion 
of desired functional groups to enhance adsorption of adsorbates of interest, e.g. the greenhouse 
gas CO2 whose emissions pose significant environmental and economic threats.
80-82 Incorporation 
of functionalities including open metal sites, such as those arising from a square planar metal-
azamacrocycle complex, and amine groups from the macrocycle ring have been identified to 
Figure 1.9: a) CO2 adsorption isotherm of MMCF-1 at 195 K; (b) Gas a) CO2 
adsorption isotherm of MMCF-1 at 195 K; (b) Gas adsorption isotherms of 
MMCF-1(black, CO2 at 273 K; red, CO2 at 298 K; blue, N2 at 273 K); (c) 
heats of adsorption of CO2 for MMCF-1; (d) IAST-predicted selectivity of the 
mixture of CO2 and N2 for MMCF-1. Reproduced from Ref. 72 with 
permission from The Royal Society of Chemistry. 
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increase CO2 adsorption enthalpies.
83-84 Uptake may be further improved via in introduction of 
hydroxyl and alkyl halide groups.85-86  
In 2012, our group72 demonstrated MMCF-l exhibits a CO2 uptake capacity of 140 cm
3/g 
at 1 atm with type I adsorption behavior typical of microporous materials (Figure 1.8). MMCF-1 
evinces CO2 uptake capacities of 13.1 wt% at 273K and 9.0 wt% at 298 K under 1 atm of pressure, 
and exhibits a constant heat of adsorption (Qst) of CO2 of ~26 kJ/mol. Our group demonstrates the 
framework’s selective capacity of 73 for CO2/N2 at 273K and estimate the adsorption selectivity 
of CO2 over N2 to be 114 at 273K, as calculated from the Ideal Adsorption Solution Theory 
(IAST)87 for selectivity of CO2/N2 (typically 15/85%) in post-combustion flue gas streams. This 
selective uptake and adsorption selectivity as estimated from IAST represent the highest yet 
reported for azamacrocyclic-based MOFs.   
MOF [Zn2(µ4-MTB)(κ4-cyclam)2]·2DMF·7H2O69 displayed a CO2 uptake 54.6 cm3/g and 10.5 
wt%, as well as an Qst value of 22.8 kJ/mol as calculated via the Clausius-Clapeyron equation. 
Hydrogen adsorption isotherms at 77K and 87K of [Zn2(µ4-MTB)(κ4-cyclam)2]·2DMF·7H2O 
show a type I isotherm with a maximum uptake capacity 134.75 cm3/g (1.28 wt%) and 84.17 cm3/g 
(0.75 wt%), respectively. In 2013, Ju et al88 reported [(NiL)3(TCBA)2] ·12H2O, where L= 2-
(1,3,5,8,12-pentaazacyclotetradecan-3-yl) butan-1-ol and H3TCBA=tri(4-carboxybenzyl)amine, 
which assembles from five-fold interlocked nanotubes and exhibits stepwise sorption behavior for 
CO2 adsorption (Figure 1.9).  Below 0.26 atm, the evacuated framework only captures 23 cm
3/g, 
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and then rapidly reaches a saturation value of 134 cm3/g (26.3 wt%) at 0.95 atm. This “gate 
effect”89-91 is attributed to dynamic pores generated by the closed five-fold interlocked tubes.  
The sorption characteristics of metal azamacrocyclic frameworks may be further tuned 
through variation in the metal identity participating in the metal-azamacrocycle complex and the 
placement of substituent position on aryl pendant arms. In 2013, Huang et al92 reported an 
isostructural porous MOF series{[M’(cyclam)]2 [M(2,5-pydc)3]·xH2O}n , where M=Co, Ni, Zn and 
M’=Ni, Zn, demonstrating that complexes constructed using [Ni(cyclam)]2+ exhibit larger CO2 
sorption capacity than those using [Zn(cyclam)]2+. This may be attributed to increased interaction 
of coordinatively unsaturated Ni centers with CO2 molecules.  
1.4.2. Heterogeneous Catalysis 
MOF-based catalytic materials show several advantages over other porous material based 
catalysts: firstly,  high surface area to facilitate the contact between substrates and the catalytic 
active site, resulting in improved catalytic reactivity; secondly, relative uniformity and tunability 
of framework pores assist the catalytic selectivity of substrate; and finally, facile functionalization 
and incorporation of catalytic  active sites into MOFs permit the manipulation of the nano-
Figure 1.10: (Left) The cuboctahedral cage of MMCF-2. (Top Right) A 
representation of the tentatively proposed catalytic mechanism for the 
cycloaddition of epoxide and CO2 into cyclic carbonate catalyzed by 
MMCF-2 (green sphere: open metal site; L+=tetra-n-tertbutylammonium). 
(Bottom Right) The yield of propylene carbonate from cycloaddition of 
propylene oxide and CO2 catalyzed by Cu(tactmb), HKUST-1, MOF- 505, 
and MMCF-2 after 48 h at room temperature under 1 atm CO2 pressure. 
Adapted from Ref. 73 with permission from John Wiley & Sons, Inc. 
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environment to further enhance catalytic activity.93  MMCF-273 demonstrated highly efficient 
catalytic activity for the cycloaddition reaction of propylene oxide with carbon dioxide into 
propylene carbonate at room temperature under 1 atm CO2 pressure obtaining  a yield of 95.4% 
over 48h (Figure 1.10). The catalytic activity is nearly twice that of homogeneous Cu(tactmb) 
(47.5%), cubeoctahedral MOF-50594 (48.0%) and the benchmark polyhedral cage-containing 
copper MOF, HKUST-1 (49.2%). The high activity for the fixation of CO2 under ambient 
conditions may be attributed to the high density of active sites, many of which are favorably 
oriented in the octahedral cage.  
In 2016, Martín-Caballero et al95 reported the decavanadate-based microporous MOF 
[Cu(cyclam)] [{Cu(cyclam)}2(V10O28)] ·10H2O exhibited significant activity as an heterogenous 
Figure 1.11: Elution profiles of PAHs with 3–6 aromatic rings using stationary 
phases 1A (left) and 1B (right). Inset: topological representations of MOFs 1A 
and 1B. Listed compounds are in the order of elution for each set. From left to 
right: (a) acenaphthylene, anthracene, phenanthrene; (b) pyrene, fluoranthene, 
benz[a]anthracene, chrysene; (c) benzo[k]fluoranthene, benzo[b]fluoranthene, 
benzo[a]pyrene, dibenz[a,h]anthracene; (d) indeno[1,2,3-cd]-pyrene, 
benzo[ghi ]-perylene. Reproduced from Ref. 96 with permission from The 
Royal Society of Chemistry. 
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catalyst intended for the peroxide-based oxidation of adamantane. The catalyst remarkably 
achieved 99% conversion after only 6h with low to moderate product selectivity toward 1-
adamantanol over other products.  
1.4.3. Molecular recognition and Separations 
Similarly, to other macrocyclic-based MOF, azamacrocyclic frameworks potentially 
possess two levels of porosity arising from the porous MOF structure and rarely observed cavities 
of the macrocycle. This hierarchical porosity lends a capacity to recognize small molecules 
suggesting potential applications in chromatographic separation and sensing.61 In 2014, Hawes et 
al96 reported the capabilities of two phases of MMCF-1 for the separation of complex mixtures of 
polycyclic aromatic hydrocarbons (PAHs) and polar compounds. Both phases are porous, 
interpenetrated 3D frameworks that only differ in topology due to positioning of the benzoate 
pendant arms, resulting in ins- and kdd-related nets. The phases offered an opportunity to showcase 
size-selective separation capability; both had very similar surface polarities but differed by void 
volumes and channel diameters, 14 Å (ins) and 11 Å (kdd). Small-scale separation experiments 
utilizing a mixture of 16 PAH compounds selected as size selectivity analyte probes and another 
mixture of 9 compounds of disparate polarity to examine polar and coordination interactions. The 
ins phase displayed the highest retention values for larger analytes. In contrast, the kdd phase had 
enhanced separation of 4 and 5 aromatic ring analytes. The phases share enhanced retention with 
increasing analyte dipole moment. Hydrogen-bonding interactions further increase further 
improve retention (Figure 1.11). 
  In 2016, Gurtovyi et al demonstrated the use of the bimodal luminescence arising from 
loading the Zn-MOF {[Zn(cyclen)(4,4’-diphenyldicarboxylate)] · 0.4DMF ·1.7H2O}n with a 
dopant organic dye acridine orange, which featured overlap between the dye’s absorption band 
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(λmax=500 nm) and the MOF emission band. Immersion in nitrobenzene dissolved in hexane 
selectively quenched emission arising from the MOF; however, nitrobenzene and 2-nitrotoluene 
vapor quenched the luminescence of the organic dye. The attainment of azamacrocyclic MOF 
materials which retain hierarchical porosity, i.e. porosity arising from the pore and channels of the 
framework alongside vacant macrocycle site, further increase the utility of these materials in 
recognition applications. Yet, only a very few instances hierarchical porosity in azamacrocyclic 
based MOFs have been reported. 71, 99 Investigations of the properties of these frameworks are still 
needed. 
1.4.4. Other Applications 
The strong metal complexation and ability to form thermodynamically stable complexes 
of azamacrocycle ligands has promoted their usage as MRI contrast agents.100-102 In 2013, 
Maspoch et al102 utilized the azamacrocyclic ligand 1,4,7,10-tetraaza-cyclododecane-1,4,7,10-
tetramethylene-phosphonic acid to produce the bimetallic MOF [GdCu(DOTP)Cl]·4.5H2O. 
Relaxometry studies show a non-pH dependent maximum in r1 relaxivity of 15 mM
-1·s-1 at 40 
MHz and at high field (500 MHz) r1 = 5 mM
-1·s-1. The potential contrast agent was reportedly 
stable in both physiological saline solution and cell culture media, not cytotoxic, and 
miniaturizable to the nanoscale as stable colloids. 
1.5. Conclusion 
The presented data demonstrates breadth of diversity of azamacrocyclic-based MOFS. 
Specifically, we detail strategies and techniques developed thus far to incorporate azamacrocycles 
within a single framework with the hopes these strategies are enhanced and applied to develop 
novel systems, including functionalized derivatives of these macrocycles. The data may be 
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fragmented due to the scarcity of this class of porous materials but shows the promise of these 
materials in numerous applications; such as molecular recognition, separation, sensing, gas storage 
and adsorption.  
The inclusion of azamacrocycles into MOF materials combine the characteristic high 
thermodynamic stability, basicity, and strong metal complexation of the macrocycles with the high 
porosity, surface area, and tunability of the frameworks. Full realization of the potential of 
Azamacrocyclic-based MOFs requires the preparation of new entrants to this class of materials 
that espouse various topological structures while incorporating diverse azamacrocycles. It has been 
shown that the hierarchical porosity associated with macrocyclic based frameworks can be 
obtained using this class of ligands.71,99 The development of more frameworks exhibiting this 
characteristic is needed to fully investigate the potential applications of MOFs retaining the vacant 
cavities of the azamacrocycles. Effectuation of hierarchical porosity of azamacrocyclic 
frameworks will broaden sensing applications, e.g. azamacrocycles have performed as receptors 
of anions, cations, amino acids and other analyte molecules, and provide an ideal slot to integrate 
open metal site into MOFs. 
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CHAPTER 2: A LANTHANIDE METAL-ORGANIC FRAMEWORK BASED ON A 
CUSTOM-DESIGNED MACROCYCLIC LIGAND 
 
2.1. Introduction 
Research in metal-organic frameworks (MOFs) has risen greatly in recent decades due to 
their unequaled potential tunability and structural diversity.1 MOFs may be described as crystalline 
structures composed of metal cations or clusters of cations, commonly referred to as secondary 
building units (SBUs), and custom-designed organic ligands.2 The variety of structural motifs, 
ligands, and SBUs that may be incorporated promote the attainment of essentially countless 
potential MOFs and application in numerous areas of interest, such as gas adsorption, catalysis, 
gas separation, and sensing.3-5 Implementation of these materials in sensing arises from the 
frameworks’ characteristic ability to increase the concentration of a desired analyte to a greater 
degree than its overall presence within the system; imparting an inherent sensitivity to the 
aforementioned analyte. MOFs materials also possess the potential for selectivity for specific 
analytes or classes of analytes through mechanisms such as size exclusion (molecular sieving), 
chemically specific interactions between the adsorbate and framework, and the directed design of 
pore and aperture size through the selection of appropriate organic linkers or struts.4 
Polyazamacrocycles represent a popular class of macrocyclic ligands for supramolecular 
chemistry and crystal engineering. This popularity may be due to their complexes’ high 
thermodynamic stability, relative kinetic inertness, basicity, transition metal-ion coordinating 
ability and rigid structure.6 Furthermore, their utilization promotes intriguing network topologies 
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as coordination in complexes containing tetradentate azamacrocycles generally produces only two 
isomers differing via the coordination ligand’s conformation. The highly reported equatorial N4 
coordination of the macrocycle allows for interaction at the two vacant trans-axial positons, whilst 
the folded conformations permits interaction at two vacant cis positions.7 Azamacrocycle 
complexes differ from those of other classes of macrocycles due to the fact the macrocyclic cavity 
is commonly occupied by metal cations.8 Materials containing azamacrocycles have found use in 
applications such as bleaching and oxidative catalysis9 and molecular recognition. Cyclen units 
have reportedly been incorporated to construct pH-dependent selective receptors for copper (II),10 
zinc(II),11 yttrium(III), and lanthanum(III) ions.12  
In our previous work, we successfully employed a custom-designed macrocyclic 
tetracarboxylate ligand, 1,4,7,10-tetraazacyclododecane- N, N’, N’’, N’’’-tetra-p-methylbenzoic 
acid (tactmb) (figure 1) to construct metal macrocyclic frameworks (MMCFs) for applications in 
carbon capture,13a chemical fixation of CO2,
13b and catalysis.13c The tactmb molecule represents a 
flexible azamacrocycle-based ligand potentially applicable to activation of small molecules, ion 
recognition, and capture.13 The aforementioned ligand combined the coordination diversity of the 
carboxylate linkers with the advantages of flexible macrocycles. Provided the need for worthwhile 
materials for employment within sensors and the stated advantages of MOF materials, we 
embarked upon the pursuit of novel materials based on the tactmb ligand and other 
polyazamacrocycle ligands, which could present great potential for small molecule recognition. 
Herein, we describe the synthesis and characterizations of a new lanthanide framework, 
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La(C40H40N4O8)(NH2(CH2)2)NO3 or MMCF-3, that is constructed from the tactmb ligand and 
lanthanum ions.  
2.2. Experimental 
2.2.1. Materials and instrumentations 
Commercially available reagents were purchased as high purity from Fisher Scientific or 
Sigma-Aldrich and used without further purification. Thermogravimetric analysis (TGA) was 
performed under nitrogen on a TA Instrument TGA 2950 Hi-Res from 30°C to 700 °C at the speed 
of 10 °C/min. FT-IR spectra were conducted on a Perkin Elmer Spectrum Two FT-IR instrument 
in a range from 4000 to 500 cm-1. The powder X-ray diffraction (PXRD) data for MMCF-3 was 
collected using a Bruker D8 Advance, CuKα, λ = 1.54178 Å (40 kV, 40 mA), at a range of 5 to 30° 
(2θ) and a stepwise of 0.5s/0.02° (2θ).   
Figure 2.1:1,4,7,10-tetraazacyclododecane- N, N’, 
N’’, N’’’-tetra-p-methylbenzoic acid (tactmb) 
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2.2.2. Ligand Synthesis 
The preparation of H4tactmb may be achieved via previously reported method.
13 To a 
solution of 1,4,7,10-tetracyclododecane (1.5 mmol, 258 mg) and methyl 4-(bromomethyl) 
benzoate (7.2 mmol, 1.65 g) in 100 mL of CH3CN, potassium carbonate (2.0g, 29 mmol) was 
added. The suspension was refluxed for 24h. The solvent was removed, and the residue was 
partitioned between CH2Cl2 and water, extracted water phase with CH2Cl2 (50 mLx3). The 
combined organic layer was washed with brine, dried with sodium sulfate, crystallized from 
mixture solvent of hexane and ethyl acetate to afford product (0.813 g, 71%). This solid was 
dissolved in methanol (50 ml), and a solution of potassium hydroxide (0.50 g, 8.9 mmol) in water 
(2.5 ml) was added. The solution was refluxed overnight. The volatile was evaporated under 
reduced pressure, and the solution was neutralized with HCl (1M). Then precipitated solid was 
washed thoroughly with deionized water. The solid was collected and lyophilized to give product 
H4tactmb (0.637 g, 60%). 
 
2.2.3. MOF Synthesis 
 A mixture of La(NO3)3·H2O (2.0 mg, 0.0058 mmol) and H4tactmb (5.0 mg, 0. 0071 mmol) 
in 1.0 ml a solution N, N’-dimethylformamide, isopropanol, and water (69.5%:17.4%:13.1%, 
respectively) had its pH adjusted to 5.0 using nitric acid and triethylamine. The mixture was then 
loaded into a Pyrex tube, sealed under vacuum, and heated to 120°C for two weeks. The resulting 
colorless sheet crystals were obtained (yield: 8.0% based upon ligand). 
2.2.4. X-ray crystallography and data collection 
The X-ray diffraction data were collected using synchrotron radiation (λ = 0.518 Å) at 
Advanced Photon Source Beamline 15-ID-B of ChemMatCARS in Argonne National Lab, 
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Argonne, IL. Indexing was performed using APEX2 (Difference Vectors method).14 Data 
integration and reduction were performed using SaintPlus 6.01.15 Absorption correction was 
performed by multi-scan method implemented in SADABS.16 Space groups were determined 
using XPREP implemented in APEX2.14 The structure was solved using SHELXS-97 (direct 
methods) and was refined using SHELXL-201519b (full-matrix least-squares on F2) through 
OLEX2 interface program.20 All non-disordered non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms of –CH and –CH2 groups were placed in geometrically calculated positions and 
were included in the refinement process using riding model with isotropic thermal parameters: 
Uiso(H) = 1.2Ueq(-CH, -CH2). Counterions were refined using geometry restraints (default esds) 
which were not violated in final steps of the refinement. The data was additionally contaminated 
by minor twinning and pseudo translational effects (C-centering) are present. 
2.2.5. Gas Adsorption Experiments 
Gas adsorption isotherms of MMCF-3 were collected using the surface area analyzer 
ASAP-2020. Before the measurements, the freshly prepared samples were exchanged with 
methanol for 3 days, and then activated with supercritical CO2 in a Tousimis Samdri PVT-3D 
critical point dryer. CO2 gas adsorption isotherms were collected at 195K using a liquid acetone-
dry ice bath. 
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2.3. Results and discussion 
2.3.1.  Crystal Structure Description 
Transparent crystals of MMCF-3 (Figure 2) formed in 2 dimensional sheets which were 
obtained via the reaction of tactmb with lanthanum nitrate in a solution of N, N-
dimethylformamide (DMF), isopropanol, and water (8:1.5:1) at pH 5, adjusted using triethylamine 
and nitric acid. Single crystal X-ray diffraction reveals that MMCF-3 crystallizes under space 
group P 21. The asymmetric unit of MMCF-3 contains one lanthanum cation, one tactmb ligand, 
and two coordinated water molecules. There are two cavities in asymmetric unit that are most 
likely filled with disordered cation (NH2(CH3)2
+, product of DMF decomposition) and anion (NO3-
). This is suggested by analysis of q-peaks heights and distances as well as Platon’s21 estimate of 
electron count in those structural voids. Considering the presence of those two counterions and 
lack of other voids, it was tentatively concluded that the ligand is singly protonated to balance the 
charge in the structure. Each La(III) is in a ten-coordinate distorted bi-capped square antiprism 
coordination environment formed by eight oxygen atoms of four carboxylate groups of four 
Figure 2.2: Asymmetric Unit of MMCF-3 
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separate tactmb ligands and one oxygen from two coordinated water molecules; one at each axial 
position in a trans fashion. The overall framework exists as stacked, distinct disjoined layers 
(Figure 3); wherein which each tactmb macrocycle ligand links with four ten-coordinated 
lanthanum atoms. Each separate layer is composed of three sublayers; one of lanthanum cations 
bounded on either side by a layer of tactmb molecules. The lanthanide cation coordinates to 
carboxylate groups from two separate tactmb ligands with each of the surrounding layers. The 
tactmb ligands coordinate to La3+ cation via the carboxylate moieties exclusively; retaining a 
vacant macrocycle site than may be employed for further coordination to introduced cations. The 
vacant macrocycle imparts a honeycomb aesthetic to the framework layers to which all porosity 
in the material may be attributed (Figure 4). Crystal data and refinement conditions are shown in 
Table 1.  
Figure 2.3: MMCF-3 Framework as viewed along 
b-axis 
Figure 2.4: MMCF-3 Framework as viewed along c-
axis 
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Table 2.1:Crystal data and structure refinements for MMCF-3 
compound MMCF-3 
Empirical formula C42H48LaN6O13 
Formula weight 983.77 
Temperature (K) 100.15 
Crystal system monoclinic 
Space group P21 
a (Å) 9.69 
b (Å) 9.71 
c (Å) 21.97 
α (°) 90 
β (°) 93.299(2) 
γ (°) 90 
Volume (Å3) 2064.4(3) 
Z 2 
ρcalc (g/cm3) 1.583 
μ (mm-1) 0.425 
F(000) 1006 
Crystal size (mm3) 0.05 × 0.04 × 0.01 
Radiation synchrotron (λ = 0.518) 
2Θ range for data collection (°) 2.706 to 36.362 
Index ranges -11 ≤ h ≤ 8, -11 ≤ k ≤ 11, -18 ≤ l ≤ 25 
Reflections collected 
29780 
Independent reflections 6527 [Rint = 0.0808, Rsigma = 0.0844] 
Data/restraints/parameters 6527/97/582 
Goodness-of-fit on F2 1.051 
Final R indexes [I>=2σ (I)] R1 = 0.0593, wR2 = 0.1386 
Final R indexes [all data] R1 = 0.0891, wR2 = 0.1521 
Largest diff. peak/hole / e Å-3 3.05/-1.12 
Flack parameter 0.04(3) 
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Table 2.2 Selected Bond Lengths (Å) and Bond Angles (°) for MMCF-3 
Bond Length (Å) 
La53—O21iv 2.6 La53—C50vi 3.0 
La53—O22iv 2.6 La53—O51vi 2.7 
La53—C30v 3.0 La53—O52vi 2.6 
La53—O31v 2.6 La53—O54 2.5 
La53—O32v 2.7 La53—O55 2.5 
Bond Angle (°)    
O21iv—La53—C30v 157.1(4) O42—La53—C30v 86.2(4) 
O21iv—La53—O32v 145.4(3) O42—La53—C50vi 157.6(4) 
O21iv—La53—O42 113.7(3) O51vi—La53—C30v 94.3(3) 
O21iv—La53—C50vi 84.9(4) O51vi—La53—O42 144.4(3) 
O21iv—La53—O51vi 76.3(3) O51vi—La53—C50vi 24.6(3) 
O22iv—La53—O21iv 49.6(3) O52vi—La53—O21iv 87.2(5) 
O22iv—La53—C30v 152.7(4) O52vi—La53—O22iv 128.6(5) 
O22iv—La53—O32v 151.9(3) O52vi—La53—C30v 71.3(5) 
O22iv—La53—O42 75.1(3) O52vi—La53—O32v 79.4(4) 
O22iv—La53—C50vi 112.1(4) O52vi—La53—O42 156.3(4) 
O22iv—La53—O51vi 89.7(3) O52vi—La53—C50vi 24.5(4) 
C30v—La53—C50vi 78.7(4) O52vi—La53—O51vi 48.4(3) 
O31v—La53—O21iv 152.5(5) O54—La53—O21iv 74.7(3) 
O31v—La53—O22iv 134.6(5) O54—La53—O22iv 115.2(3) 
O31v—La53—C30v 24.2(4) O54—La53—C30v 89.0(4) 
O31v—La53—O32v 48.6(3) O54—La53—O31v 110.2(4) 
O31v—La53—O42 91.3(5) O54—La53—O32v 70.6(3) 
O31v—La53—C50vi 68.3(6) O54—La53—O41 65.3(3) 
O31v—La53—O51vi 76.6(4) O54—La53—O42 106.7(3) 
O31v—La53—O52vi 71.3(5) O54—La53—C50vi 89.6(4) 
O32v—La53—C30v 24.6(3) O54—La53—O51vi 108.9(3) 
O32v—La53—O42 76.9(3) O54—La53—O52vi 66.6(4) 
O32v—La53—C50vi 94.9(4) O55—La53—O21iv 108.7(3) 
O32v—La53—O51vi 115.2(3) O55—La53—O22iv 67.6(3) 
O41—La53—O21iv 76.9(3) O55—La53—C30v 87.8(4) 
O41—La53—O22iv 71.4(3) O55—La53—O31v 67.0(5) 
O41—La53—C30v 111.3(4) O55—La53—O32v 105.9(3) 
O41—La53—O31v 130.3(5) O55—La53—O41 114.5(3) 
O41—La53—O32v 88.4(3) O55—La53—O42 71.6(3) 
O41—La53—O42 49.7(3) O55—La53—C50vi 91.3(4) 
O41—La53—C50vi 152.0(5) O55—La53—O51vi 72.9(3) 
O41—La53—O51vi 153.2(3) O55—La53—O52vi 113.7(4) 
O41—La53—O52vi 131.8(4) O55—La53—O54 176.5(4) 
Symmetry codes: (i) x, 1+y, z; (ii) -1-x, 0.5+y, -2-z; (iii) -2-x, 0.5+y, -2-z; (iv) x, -1+y, z; (v) -
1-x, -0.5+y, -2-z; (vi) -2-x, -0.5+y, -2-z. 
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2.3.2.  Characterization of MMCF-3 
The phase purity of MMCF-3 was verified by powder X-ray diffraction (PXRD) studies, 
which evince that the diffraction patterns of the fresh sample are consistent with the calculated 
pattern (figure 5). PXRD studies of both the fresh and solvent-free MMCF-3 showed minute 
differences after solvent evacuation. This may suggest the presence of a “breathing” property 
indicative of some MOFs employing flexible linkers.  
Thermogravimetric analysis on freshly prepared MMCF-3 (figure 6) depicts a weight loss 
of 39%, corresponding to the loss of solvent molecules and coordinated water molecules, the graph 
then plateaus until around 360˚C before complete degradation of the framework. The solvent free 
MMCF-3 confirmed a plateau up to 360˚C, demonstrating moderate thermal stability of the 
framework.  
Figure 2.5: Powder X-ray patterns of MMCF-3 
0
20
40
60
80
100
0 100 200 300 400 500 600 700
W
ei
gh
t 
(%
)
Temperature (°C)
Fresh Sample
After Activation
Figure 2.6: Thermogravimetric plots of MMCF-3 
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IR spectra of MMCF-3 (Figure 7) shows the disappearance of the very broad peak 
associated with an O-H stretch (νO-H= 3300 cm-1). The absence of the alcohol stretch, in comparison 
to the tactmb spectra, is consistent with the deprotonation of the carboxylate group which occurs 
during solvothermal conditions and confirmed through the crystallographic data. The MMCF-3 
spectra depict a depression of the peak frequency associated with the tactmb carbonyl from 1699 
cm-1 to 1573 cm-1. This depression, indicative of a carbonyl participating in coordination to a metal, 
occurs as a result of pi-backbonding from the La3+ ion to the tactmb carboxylate.   
To examine the porosity of MMCF-3, gas adsorption studies were performed on an 
activated sample. CO2 isotherms at 195K (Figure 8) revealed MMCF-3 to retain negligible 
porosity evinced by a Langmuir surface area of 32 m2/g, which is presumably due to the collapse 
of the framework after the removal of guest solvent molecules.  
Figure 2.7: IR plot of MMCF-3. The “As-Synthesized” data was created using wet 
material from the mother liquor. Background was taken prior using the mother liquor. 
Figure2. 8: CO2 adsorption isotherm of MMCF-3 at 195K 
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2.4. Conclusion 
In summary, a metal macrocyclic framework, MMCF-3, was constructed whilst 
incorporating cyclen units. The vacancy of the macrocycle unit as a coordination site encourages 
the utilization of the framework as a cation receptor. The availability of these sites allows for the 
possibility to coordinate to newly introduced metals to produce heterometallic frameworks, which 
may exhibit intriguing properties. Furthermore, though lanthanum may not present the most 
fascinating properties of the lanthanides, the possibility to exchange the lanthanide atom with more 
interesting atoms, such as Eu3+ and Gd3+, exists. 
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CHAPTER 3: A LANTHANIDE METAL-MACROCYCLIC FRAMEWORK 
EXHIBITING HIERARCHICAL POROSITY AND LUMINESCENCE QUENCHING  
 
3.1. Introduction 
The exceptional degree of tunability in metal-organic frameworks (MOFs) with respect to 
structural diversity and their range of chemical and physical properties presents an important 
advantage over other materials use in sensors. Amongst the variety of incorporable metal ions, 
multitopic organic linkers, and structural motifs, the potential exists for infinite possible 
combinations to produce an array of MOFs.1-2 Post-synthetic modification affords further synthetic 
variability within MOFs.2-3 The modular variability of these materials coupled with the growing 
library of experimentally determined structures highlight the researchers’ abilities to potentially 
predict and engineer properties into MOFs following a bottoms-up approach, exploiting geometric, 
chemical, and electronic features presented in the organic and inorganic building blocks toward.4–
6 The ease of variation allows for the incorporation of signal transduction capabilities producing 
multiple types of MOF-based sensors, such as those based on interferometry7, analyte modulation 
of localized surface plasmon resonance energies8-16, solvatochromism17-18, and luminescence17-28. 
Luminescence-based sensing retains a far greater popularity over other transduction mechanisms 
due to ability utilized powdered materials directly, the well-established use of fluorescence 
spectroscopy, and the production of visible signals. Ligand-based fluorescence may be gained by 
employing conjugated ligands that absorb in the visible or UV range, and metal-centered 
fluorescence can result from employing f-elements as nodes; deploying both strategies 
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simultaneous may enhance sensitivities by way of ligand-to-metal or metal-to-ligand charge 
transfer.  
The use of organic ligands incorporating macrocycles in the fabrication of MOF-based 
sensors has been well established, owing to their large recognition cavities integral to host-guest 
chemistry29. Utilization of these ligands produce frameworks with arranged well distributed active 
domains that may serve as guest-binding sites due to favorable and specific noncovalent 
interactions. Furthermore, macrocyclic-based frameworks exhibit hierarchical porosity, arising 
from the pores and channels inherent to the MOF structure and the vacant macrocycle site.  Unique 
among macrocycles, azamacrocycles, also known as aza-crown ethers, have been widely 
underutilized for recognition sites in frameworks. Despite numerous attractive properties, e.g. 
Lewis acidity, Lewis basicity, strong proton affinities, and high thermodynamic stability, the 
strong metal complexation properties of this class of molecules preclude their usage due to a 
propensity to form a metallated-azamacrocycle complex under MOF synthetic conditions that 
remains inert with respect modification and eliminates all activity of the macrocycle toward its 
reported applications upon its occupancy by various metal cations.30  Recently, it has been reported 
that the effectuation of hierarchical porosity of azamacrocyclic frameworks may be obtained 
through use of flexible, functionalized azamacrocyclic ligands in conjunction with large electronic 
shell metal ions.31-32  Herein, we describe the synthesis and characterizations of a new lanthanide 
framework, Eu(C33H33N3O12) or MMCF-4, that is constructed from the custom-designed ligand 
5,5’,5’’-((1,4,7-triazaonane-1,4,7-triyl)tris(methylene))trisisophthalic acid (H6tacnip, Scheme 3.1) 
and europium cations.  
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Scheme 3.1: Synthetic Scheme for 5,5',5''-((1,4,7-triazaonane-1,4,7-triyl)tris(methylene))trisisophthalic acid 
3.2. Experimental 
3.2.1. Materials and instrumentations 
Commercially available reagents were purchased as high purity from Fisher Scientific or 
Sigma-Aldrich and used without further purification. Thermogravimetric analysis (TGA) was 
performed under nitrogen on a TA Instrument TGA 2950 Hi-Res from 30°C to 700 °C at the speed 
of 10 °C/min. FT-IR spectra were conducted on a Perkin Elmer Spectrum Two FT-IR instrument 
in a range from 4000 to 500 cm-1. The powder X-ray diffraction (PXRD) data for MMCF-4 was 
collected using a Bruker D8 Advance, CuKα, λ = 1.54178 Å (40 kV, 40 mA), at a range of 5 to 30° 
(2θ) and a stepwise of 0.5s/0.02° (2θ).   
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3.2.2. Ligand Synthesis 
3.2.2.1. O-tosyl-N,N-bis(2-((tosyloxy)amino)ethyl)hydroxylenetriamine. The 
preparation of O-tosyl-N,N-bis(2-((tosyloxy)amino)ethyl)hydroxylenetriamine may be achieved 
via previously reported method.33 To a stirred solution of diethylenetriamine (5.2 g, 0.05 mol) and 
NaOH (6.00 g, 0.15 mol) in water (50 mL),  a  solution of p-toluenesulfonyl chloride (28.6 g, 0.15 
mol) in diethyl ether (150 mL) was added via dropwise addition. The solution was allowed to stir 
overnight at room temperature after the addition was complete. The product was then filtered and 
washed with copious amounts of cold water, methanol, and diethyl ether. Recrystallization from 
boiling methanol (400 mL) afforded fine, white needles.   Yield: 16.75 g (60%). 
3.2.2.2. Ethane-1,2-diyl bis(4-methylbenzenesulfonate). The preparation of Ethane-1,2-
diyl bis(4-methylbenzenesulfonate) may be achieved via previously reported method.34 A 1L 
three-necked flask equipped with a magnetic stirrer, thermometer, and nitrogen inlet was charged 
with ethylene glycol (0.5 mol), p-toluenesulfonyl chloride (194.5 g, 1.02 mmol) and 
dichloromethane (500 mL). The homogeneous mixture was cooled to -5°C with ice—brine bath. 
Freshly powdered KOH (225 g, 4 mol) is added in small amounts under vigorous stirring while 
maintaining the reaction temperature below 5°C (exothermic reaction). The mixture was stirred 
for 9 h at 0°C while monitoring the reaction’s completion via TLC after which dichloromethane 
(500 mL) and ice—water (600 mL) were added. The organic phase was separated, and the aqueous 
phase was extracted using dichloromethane (3 x 150 mL). The combined organic layer was washed 
with water (100 mL), dried using MgSO4, and concentrated under reduce pressure.  
3.2.2.3. 1,4,7-triazononane-1,4,7-triyl tris(4-methylbenzenesulfonate). The preparation 
of 1,4,7-triazononane-1,4,7-triyl tris(4-methylbenzenesulfonate) may be achieved via previously 
reported method.35 A mixture of O-tosyl-N,N-bis(2-((tosyloxy)amino)ethyl)hydroxylenetriamine 
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(14.2 g, 25.1 mmol) and cesium carbonate (17.2 g, 52.8 mmol) in N, N’-dimethylformamide (135 
mL) was vigorously stirred at 25°C for 1h. Ethane-1,2-diyl bis(4-methylbenzenesulfonate) (9.4 g, 
25.4 mmol) dissolved in 63 mL of N, N’-dimethylformamide was then added in a dropwise manner 
to the suspension. The reaction mixture was stirred overnight at room temperature, and the 
resulting suspension was added slowly to 800 mL of water with stirring to give the product as a 
white precipitate. The solid was filtered and washed with 1:1 (v:v) DMF:H2O with stirring for 
several hours. The resulting white solid was collected by filtration. Thoroughly washed with water, 
dried under vacuum, and recrystallized from CH2Cl2/ethanol to give colorless blocks (12.5 g, yield 
85%). 
3.2.2.4. 1,4,7-Triazacyclononane. The preparation of 1,4,7-triazacyclononane (tacn) may 
be achieved via previously reported method.36 1,4,7-triazononane-1,4,7-triyl tris(4-
methylbenzenesulfonate) (10.0 g, 16.9 mmol) was suspended in concentrated sulfuric acid (30 mL) 
in the presence of water (6 mL) and heated for 24h at 140°C. After cooling to room temperature, 
the mixture was poured into ethanol (600 mL), cooled with a water bath, stirred for 20 min, allowed 
to stand for the precipitate to settle, and the excess ethanol decanted; this process was repeated 
twice more. The suspension was filtered and dried with diethyl ether, yielding the grey deprotected 
tacn-sulfuric acid salt. This salt was added to a mixture of NaOH (5 g, 0.25 mmol), water (7.5 mL), 
and toluene (70 mL) and heated under reflux for 2h. The water was subsequently removed by a 
Dean-Stark separation in toluene for 5 h. Hot filtration of the suspension, followed by washing 
with hot toluene and chloroform (two times) and evaporation of the solvent to yield the product as 
a light-yellow oil which slowly crystallized. 
3.2.2.5. Dimethyl 5-methylisophthalate. The preparation of Dimethyl 5-
methylisophthalate may be achieved via previously reported method.37 To a stirred solution of 5-
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methy isophthalic acid (10 g, 0.056 mol) in methanol (120 ml) was added p-toluenesulfonic  acid  
(0.963g,  5.6  mmol)  at  room  temperature  and  was  refluxed  for  12  hrs.  The reaction mixture 
was cooled, and the reaction mixture was evaporated under reduced pressure.  The residue was 
added water (60 mL) and dichloromethane (200 mL). The organic phase was separated, and the 
water phase was extracted with dichloromethane (80 mL×3).  The combined organic phase was 
washed with sodium bicarbonate (50 mL× 2) and brine (50 mL).  The organic phase was dried 
over Na2SO4, and then concentrated to give the compound Dimethyl 5-methylisophthalate as a 
buff powder (10.401 g, 90%). 1H NMR (300 MHz, CDCl3, δ): 2.45 (s, ArCH3, 3H ), 3.94 (s, 
COOCH3, 6H), 8.04 (d, J = 0.3 Hz, rH, 2H), 8.49 (s, ArH, 1H). 13C NMR (75 MHz, CDCl3, δ): 
165.7, 138.8, 134.2, 131.3, 130.5, 52.5, 31.5. 
3.2.2.6. Dimethyl 5-(bromomethyl)isophthalate.  The preparation of Dimethyl 5-
(bromomethyl)isophthalate may be achieved via previously reported method.37 Dimethyl 5-
methylisophthalate (10.165 g, 48.359 mmol) was refluxed in 200 mL of CCl4 with N-
bromosuccinimide (10.329 g, 58.030 mmol) in the presence of a trace of dibenzoyl peroxide.  After 
cooling, the reaction mixture was filtered, the solution was concentrated to 30% of the original 
volume, and Petroleum ether (200 mL) was added. The mixture was brought to reflux, at which 
point a homogeneous solution formed and the flask was cooled in an ice-salt bath to precipitate a 
buff, crystalline solid.  The solid was washed with Petroleum ether (2×100 mL) and dried overnight 
in a vacuum oven at 50°C to afford the product Dimethyl 5-(bromomethyl)isophthalate as a buff 
powder (10.415 g, 75%). 1H NMR (300 MHz, CDCl3, δ): 3.96 (s, COOCH3, 6H), 4.54 (s, 
ArCH2Br, 2H), 8.25 (d, J = 1.6 Hz, ArH, 2H), 8.61 (t, J = 1.6 Hz, ArH, 1H). 13C NMR (75 MHz, 
CDCl3, δ): 166.6, 138.9, 134.6, 130.7, 128.1, 52.4, 21.3. 
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3.2.2.7. 5,5’,5’’-((1,4,7-triazaonane-1,4,7-triyl)tris(methylene))trisisophthalic acid. 
The preparation of 5,5’,5’’-((1,4,7-triazaonane-1,4,7-triyl)tris(methylene))trisisophthalic acid 
(tacnip) may be achieved via the adaptation of previously reported method.38  To a solution of 
1,4,7,10-tetracyclododecane (1.5 mmol, 258 mg) and methyl 4-(bromomethyl) benzoate (7.2 
mmol, 1.65 g) in 100 mL of CH3CN, N,N,-diisopropylethylamine (5.065 mL, 29 mmol) was 
added. The suspension was refluxed for 24h. The solvent was removed, and the residue was 
partitioned between CH2Cl2 and water, extracted water phase with CH2Cl2 (50 mLx3). The 
combined organic layer was washed with brine, dried with sodium sulfate, crystallized from 
mixture solvent of hexane and ethyl acetate to afford product (0.813 g, 71%). This solid was 
dissolved in methanol (50 ml), and a solution of potassium hydroxide (0.50 g, 8.9 mmol) in water 
(2.5 ml) was added. The solution was refluxed overnight. The volatile was evaporated under 
reduced pressure, and the solution was neutralized with HCl (1M). Then precipitated solid was 
washed thoroughly with deionized water. The solid was collected and lyophilized to give product 
H6tacnip (0.637 g, 60%). 
3.2.3. MOF Synthesis 
 A mixture of Eu(NO3)3·H2O (2.0 mg, 0.0045 mmol) and H8tacnip (5.0 mg, 0. 0075 mmol) 
in 1.0 ml a solution N, N’-dimethylformamide had its pH adjusted to 5.0 using nitric acid. The 
mixture was then loaded into a Pyrex tube, sealed under vacuum, and heated to 120°C for two 
weeks. The resulting colorless sheet crystals were obtained (yield: 8.0% based upon ligand). 
3.2.4. X-ray crystallography and data collection 
The X-ray diffraction data were collected using synchrotron radiation (λ = 0.518 Å) at 
Advanced Photon Source Beamline 15-ID-B of ChemMatCARS in Argonne National Lab, 
Argonne, IL. Indexing was performed using APEX239 (Difference Vectors method). Data 
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integration and reduction were performed using SaintPlus 6.01.40 Absorption correction was 
performed by multi-scan method implemented in SADABS.41 Space groups were determined 
using XPREP implemented in APEX2.39 The structure was solved using SHELXS-97 (direct 
methods) and was refined using SHELXL-201545b (full-matrix least-squares on F2) through 
OLEX2 interface program.46 All non-disordered non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms of –CH and –CH2 groups were placed in geometrically calculated positions and 
were included in the refinement process using riding model with isotropic thermal parameters: 
Uiso(H) = 1.2Ueq(-CH, -CH2). Counterions were refined using geometry restraints (default esds) 
which were not violated in final steps of the refinement. The data was additionally contaminated 
by minor twinning and pseudo translational effects (C-centering) are present. 
3.2.5. Gas Adsorption Experiments 
Gas adsorption isotherms of MMCF-4 were collected using the surface area analyzer 
ASAP-2020. Before the measurements, the freshly prepared samples were exchanged with 
methanol for 3 days, and then activated with supercritical CO2 in a Tousimis Samdri PVT-3D 
critical point dryer. CO2 gas adsorption isotherms were collected at 195K using a liquid acetone-
dry ice bath. 
3.3. Results and Discussion 
3.3.1. Crystal Structure Description 
Pale yellow crystals of MMCF-4 (Figure 3.1) were obtained via the reaction of the ligand 
with europium nitrate in a solution of N, N-dimethylformamide (DMF) and water with a pH 
adjustment using nitric acid. Single crystal X-ray diffraction reveals the framework to crystallize 
under space group P31c. The asymmetric unit of MMCF-4 contains one europium cation, an 
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isophthalate pendant moiety of the ligand, and one hydrogen-bonded water molecule. Each Eu 
(III) atom is in a nine-coordinate triaugmented trigonal prismatic environment (Figure 3.2) formed 
by nine oxygen atoms of six different isophthalate pendant moieties originating from four separate 
ligand molecules. Viewed along the ac crystalline plane, the framework exhibits a hexagonal 
honeycomb-type framework reminiscent of the two-dimensional coordination polymers obtained 
using discrete metal-azamacrocycle complexes in conjunction with rigid tripodal carboxylate 
ligands. Six ligand molecules and six europium cations constitute each 14.1 x 15.2 Å2 cavity; 
wherein, each vertex is comprised by one ligand molecule and coordinated metal cation (Figure 
3.3). Each ligand molecule coordinates to four separate europium cations; the first, it binds in a 
Figure 3.2: Triaugmented trigonal prism coordination 
polyhedra 
Figure 3.1: Asymmetric unit of MMCF-4 
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tridentate fashion to a singular europium cation via monodentate coordination of one carboxylate 
from each of the isophthalate pendant moieties. Situated in an adjacent layer, the Eu3+ cation lies 
centered ~7.5 Å above the macrocycle cavity. The second carboxylate moiety of each distinct 
isophthalate pendant binds to a separate Eu3+ cation in a bidentate manner; each of which reside in 
the same layer as the macrocyclic moiety of the ligand to produce an extended three-dimensional 
structure. The intralayer connectivity produces rhomboidal channels perpendicular to the 
hexagonal channels. The rhomboidal channel presents varying cross-sectional sizes along its 
length producing widths of 3.6-8.2 Å and a height of 9.1Å.  The ligands bind to the Eu3+ cation via 
the carboxylate moieties exclusively; retaining a vacant macrocycle site that may be employed for 
further coordination to introduced cations.  As such, MMCF-4 evinces true hierarchical porosity 
arising from the vacant macrocyclic site, hexagonal channels and rectangular channels. 
3.3.2. Characterization of MMCF-4 
The phase purity of MMCF-4 was verified by powder X-ray diffraction (PXRD) studies, 
which evince that all observed peaks within the diffraction patterns of the fresh samples are 
consistent with the calculated pattern. Differences in powder patterns may be attributed to 
Figure 3.3: Hexagonal honeycomb-type motif of MMCF-4 (left). Rhomboidal motif of 
MMCF-4 (right) 
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extremely low hydrostability resulting in the degradation of the parent material with minutes of 
exposure to air. The PXRD studies of the activated MOF samples were as consistent, confirming 
the reliability of the structure under test conditions. IR spectra of MMCF-4 shows the 
disappearance of the very broad peak associated with an O-H stretch (νO-H= 3300 cm-1). The 
absence of the alcohol stretch, in comparison to the tactmb spectra, is consistent with the 
deprotonation of the carboxylate group which occurs during solvothermal conditions and 
confirmed through the crystallographic data. The MMCF-4 spectra depicts a depression of the 
peak frequency associated with the tactmb carbonyl from 1699 cm-1 to 1578 cm-1. This depression, 
indicative of a carbonyl participating in coordination to a metal, occurs as a result of pi-
backbonding from the Eu3+ ion to the isophthalate carboxylate.  
 To examine the permanent porosity of MMCF-4, gas adsorption studies were performed 
on an activated sample. N2 adsorption studies at 77K (Figure 3.6) revealed a BET surface area of 
370.16 m2/g (482.53 m2/g, Langmuir).  CO2 isotherms at 195K produced similar results, evinced 
by a Langmuir surface area of 432.8 m2/g.  
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Figure 3.6: N2 adsorption isotherm for MMCF-4 
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 The photoluminescent properties of MMCF-4 were investigated. The MOF showed an 
intense band at ca. 455 nm in the solid state upon excitation at 355 nm. We also investigated the 
effects of Cu2 +metal ion on the fluorescent intensity of 1 in methanol at room temperature (Figure 
3.7). The emission intensity of 1 quenched distinctly with Cu2 + doping in, decreasing 25% in 0.1 
M copper nitrate. With increasing Cu2+ concentration, the emission intensities of 1 weakened 
gradually to as much as a 85.1% depression in 0.5 M copper nitrate. 
 
3.4. Conclusion 
In summary, a metal macrocyclic framework, MMCF-4, has been solvothermally 
synthesized and structurally characterized whilst retaining the vacancy of the macrocycle unit. The 
framework exhibits permanent porosity and strong fluorescent emissions both in the solid state 
and in methanol suspension at room temperature. In addition, MMCF-4 can also selectively sense 
Cu2 + ions through fluorescence quenching.  
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CHAPTER 4: SELF-ASSEMBLY OF DISCRETE METALLOSUPRAMOLECULAR 
FRAMEWORKS FEATURING CO2 CHEMICAL FIXATION ACTIVITY UNDER 
AMBIENT CONDITIONS 
 
4.1. Introduction 
The increasing growth of atmospheric greenhouse gases has exacerbated into the definitive 
environmental issue of this generation, and carbon dioxide (CO2) has identified as the most 
prominent greenhouse gas contributing to global warming causing climate change.1-2 Humanity’s 
activities, mainly the combustion of coal, petroleum, and natural gas which accounts for roughly 
80% of CO2 emissions worldwide, claim responsibility for the alarming rise in CO2 concentration, 
due to expansive economic growth and industrial development.1-2 As a result, in recent years there 
has been an uncontrollable rise in the atmospheric CO2 concentration, and that is suspected to be 
the principal reason behind several environmental disorders.3  The capture and sequestration of 
CO2 presents a potent route for mitigation of the consequences from anthropogenic CO2 emission.
4 
Currently, CO2 capture technologies are primarily defined by alkanolamine-based wet scrubbing 
systems, which feature causticity and volatility of the amines, and energy-inefficient regeneration 
processes.5 Amines are reportedly very effective towards CO2 capture from flue gases due to 
formation of strong chemical bonds through the corresponding chemisorption process.6-7 
Desirability for the development of alternative approaches toward CO2 capture, sequestration, and 
fixation prompts great interest in the use of porous materials as adsorbents due to the facile 
regeneration process.8-16 Currently, a predominant viewpoint in this area is that accessible rich 
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nitrogen sites as Lewis-base centers incorporated within porous materials can significantly 
enhance CO2 uptake capacity and selectivity on account of the dipole-quadrupole interactions. 
 Significant advances in metallosupramolecular chemistry have been reported in recent 
years, with progress being made towards predictably engineering functionality in discrete 
assemblies and extended networks,17-19 and establishing structure–function relationships for a wide 
range of applications, development of functional materials and investigation of fundamental 
processes.20 Reports continually emerge involving the use of non-traditional ligands,21 
incorporating high degrees of flexibility,22 application-driven pendant functionalities,23 and  novel 
backbone and donor groups.24 The integration of this azamacrocycles into porous materials lends 
the opportunity import an increased density of accessible nitrogen sites within porous frameworks, 
advance topological diversity, and impart enhanced thermostability. In this chapter, we report the 
structural descriptions and investigations of CO2 fixation within an isostructural series of 
azamacrocyclic-based discrete metallosupramolecular frameworks of formula M(C44H44N4O16)Cl 
(M= Cu, Zn, Co), composed with custom-designed ligand 5,5’,5’’,5’’’- ((1,4,7,10-
Figure 4.1: H8Tactip Ligand 
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tetraazacyclododecane-1,4,7-tetrayl) tetrakis(methylene)) tetraisophthalic acid (H8tactip, Figure 
4.1), with a rare hydrogen-bonded structure.  
4.2. Experimental 
4.2.1. Materials and instrumentations 
Commercially available reagents were purchased as high purity from Fisher Scientific or 
Sigma-Aldrich and used without further purification. Thermogravimetric analysis (TGA) was 
performed under nitrogen on a TA Instrument TGA 2950 Hi-Res from 30°C to 700 °C at the speed 
of 10 °C/min. FT-IR spectra were conducted on a Perkin Elmer Spectrum Two FT-IR instrument 
in a range from 4000 to 500 cm-1. The powder X-ray diffraction (PXRD) data for MMCF-3 was 
collected using a Bruker D8 Advance, CuKα, λ = 1.54178 Å (40 kV, 40 mA), at a range of 5 to 30° 
(2θ) and a stepwise of 0.5s/0.02° (2θ).   
4.2.2. Ligand Synthesis 
4.2.2.1. Dimethyl 5-methylisophthalate. The preparation of Dimethyl 5-
methylisophthalate may be achieved via previously reported method.25 To a stirred solution of 5-
methy isophthalic acid (10 g, 0.056 mol) in methanol (120 ml) was added p-toluenesulfonic  acid  
(0.963g,  5.6  mmol)  at  room  temperature  and  was  refluxed  for  12  hrs.  The reaction mixture 
was cooled, and the reaction mixture was evaporated under reduced pressure.  The residue was 
added water (60 mL) and dichloromethane (200 mL). The organic phase was separated, and the 
water phase was extracted with dichloromethane (80 mL×3).  The combined organic phase was 
washed with sodium bicarbonate (50 mL× 2) and brine (50 mL).  The organic phase was dried 
over Na2SO4, and then concentrated to give the compound Dimethyl 5-methylisophthalate as a 
buff powder (10.401 g, 90%). 1H NMR (300 MHz, CDCl3, δ): 2.45 (s, ArCH3, 3H ), 3.94 (s, 
58 
 
COOCH3, 6H), 8.04 (d, J = 0.3 Hz, rH, 2H), 8.49 (s, ArH, 1H). 13C NMR (75 MHz, CDCl3, δ): 
165.7, 138.8, 134.2, 131.3, 130.5, 52.5, 31.5. 
4.2.2.2. Dimethyl 5-(bromomethyl)isophthalate.  The preparation of Dimethyl 5-
(bromomethyl)isophthalate may be achieved via previously reported method.25 Dimethyl 5-
methylisophthalate (10.165 g, 48.359 mmol) was refluxed in 200 mL of CCl4 with N-
bromosuccinimide (10.329 g, 58.030 mmol) in the presence of a trace of dibenzoyl peroxide.  After 
cooling, the reaction mixture was filtered, the solution was concentrated to 30% of the original 
volume, and Petroleum ether (200 mL) was added. The mixture was brought to reflux, at which 
point a homogeneous solution formed and the flask was cooled in an ice-salt bath to precipitate a 
buff, crystalline solid.  The solid was washed with Petroleum ether (2×100 mL) and dried overnight 
in a vacuum oven at 50 oC to afford the product Dimethyl 5-(bromomethyl)isophthalate as a buff 
powder (10.415 g, 75%). 1H NMR (300 MHz, CDCl3, δ): 3.96 (s, COOCH3, 6H), 4.54 (s, 
ArCH2Br, 2H), 8.25 (d, J = 1.6 Hz, ArH, 2H), 8.61 (t, J = 1.6 Hz, ArH, 1H). 13C NMR (75 MHz, 
CDCl3, δ): 166.6, 138.9, 134.6, 130.7, 128.1, 52.4, 21.3. 
4.2.2.3. 5, 5’, 5’’, 5’’’- (( 1, 4, 7, 10 - tetraazacyclododecane- 1, 4, 7 -tetrayl) 
tetrakis(methylene)) tetraisophthalic acid. The preparation of 5,5’,5’’,5’’’- (( 1,4,7,10 - 
tetraazacyclododecane- 1, 4, 7 -tetrayl) tetrakis(methylene)) tetraisophthalic acid (tactip) may be 
achieved via the adaptation of previously reported method26. To a solution of 1,4,7,10-
tetracyclododecane (1.5 mmol, 258 mg) and methyl 4-(bromomethyl) benzoate (7.2 mmol, 1.65 
g) in 100 mL of CH3CN, N,N,-diisopropylethylamine (5.065 mL, 29 mmol) was added. The 
suspension was refluxed for 24h. The solvent was removed, and the residue was partitioned 
between CH2Cl2 and water, extracted water phase with CH2Cl2 (50 mLx3). The combined organic 
layer was washed with brine, dried with sodium sulfate, crystallized from mixture solvent of 
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hexane and ethyl acetate to afford product (0.813 g, 71%). This solid was dissolved in methanol 
(50 ml), and a solution of potassium hydroxide (0.50 g, 8.9 mmol) in water (2.5 ml) was added. 
The solution was refluxed overnight. The volatile was evaporated under reduced pressure, and the 
solution was neutralized with HCl (1M). Then precipitated solid was washed thoroughly with 
deionized water. The solid was collected and lyophilized to give product H4tacnip (0.637 g, 60%). 
4.2.3. Crystal Syntheses 
4.2.3.1.  Cu(C44H44N4O16)Cl (1). A mixture of Cu(NO3)3·2.5H2O (2.0 mg, 0.0086 mmol) 
and H8tactip (5.0 mg, 0. 0071 mmol) in a of solution N, N’-dimethylformamide (1.0 ml) and 
methanol (0.5 mL) had its pH adjusted using hydrochloric acid. The mixture was then loaded into 
a Pyrex tube, sealed under vacuum, and heated to 120°C for two weeks. The resulting blue plate 
crystals were obtained (yield: 12.0% based upon ligand). 
4.2.3.2. Zn(C44H44N4O16)Cl (2). A mixture of Zn(NO3)3·6H2O (2.0 mg, 0.0067 mmol) and 
H8tactip (5.0 mg, 0. 0071 mmol) in a of solution N, N’-dimethylformamide (1.0 ml) and methanol 
(0.5 mL) had its pH using hydrochloric acid. The mixture was then loaded into a Pyrex tube, sealed 
under vacuum, and heated to 120°C for two weeks. The resulting colorless plate crystals were 
obtained (yield: 9.0% based upon ligand). 
4.2.3.3. Co(C44H44N4O16)Cl (3). A mixture of Co(NO3)3·6H2O (2.0 mg, 0.0069 mmol) 
and H8tactip (5.0 mg, 0. 0071 mmol) in a of solution N, N’-dimethylacetamide (1.0 ml), water (0.5 
mL), and methanol (0.5 mL) had its pH using hydrochloric acid. The mixture was then loaded into 
a Pyrex tube, sealed under vacuum, and heated to 120°C for two weeks. The resulting violet plate 
crystals were obtained (yield: 14.0% based upon ligand). 
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4.2.4. X-ray crystallography and data collection 
The X-ray diffraction data were collected using synchrotron radiation (λ = 0.518 Å) at 
Advanced Photon Source Beamline 15-ID-B of ChemMatCARS in Argonne National Lab, 
Argonne, IL. Indexing was performed using APEX227 (Difference Vectors method). Data 
integration and reduction were performed using SaintPlus 6.01.28 Absorption correction was 
performed by multi-scan method implemented in SADABS.29 Space groups were determined 
using XPREP implemented in APEX2.30 The structure was solved using SHELXS-97 (direct 
methods) and was refined using SHELXL-201531b (full-matrix least-squares on F2) through 
OLEX2 interface program.32 All non-disordered non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms of –CH and –CH2 groups were placed in geometrically calculated positions and 
were included in the refinement process using riding model with isotropic thermal parameters: 
Uiso(H) = 1.2Ueq(-CH, -CH2). Counterions were refined using geometry restraints (default esds) 
which were not violated in final steps of the refinement. The data was additionally contaminated 
by minor twinning and pseudo translational effects (C-centering) are present. 
4.2.5. Catalysis investigation 
In a typical reaction, the catalytic reaction was conducted in a Schlenk tube using the 
epoxide (25 mmol) with CO2 purged at 1 atm under solvent free environment at room temperature 
catalyzed by the selected catalyst (Table S1) (0.125 mol % calculated based on copper paddlewheel 
units) and co-catalyst of tetra-n-tertbutylammonium bromide (TBAB, 0.58g) for 48 hours. The 
products were identified using H1NMR and C13NMR. 
4.3. Results and Discussion 
4.3.1. Crystal Descriptions 
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The reaction of the ligand with copper (II) nitrate hemi-pentahydrate, zinc (II) nitrate 
hexahydrate, or cobalt (II) nitrate hexahydrate in a solution of either N, N-dimethylacetamide 
(DMA) or N, N-dimethylformamide (DMF) and methanol with a pH adjustment using 
hydrochloric acid at 120°C gave rise to small blue, transparent, or violet block crystals, 
respectively. Analysis of each compound by single crystal X-ray diffraction revealed the three 
materials to be isostructural, and as such, only the zinc species 2 (Figure 4.2) will be discussed in 
explicit detail, excepting any significant deviations. The asymmetric unit consists of one quarter 
of a ligand, with all carboxylic groups protonated, coordinating to a central divalent zinc ion, 
whose five-coordinate geometry is complete by a chloride ion coordinating in the axial position, 
with a Zn-Cl bond length of 2.3 Å, and Zn-N distances of 2.1 Å. The trans N-Zn-N angles across 
the basal plane of 140.2 Å are consistent with a distorted square pyramidal geometry, wherein the 
central Zn(II) ion resides 0.6 Å from the N4 donor mean plane.  
The intermolecular interactions present in 2 consist primarily of a combination of strong 
and weak hydrogen bonding and π-π interactions. The isophthalate pendant carboxylic acid 
associate with one another in an unusual cyclic tetramer arrangement; the 32-member tetrameric 
assembly exhibits strong hydrogen bonding interactions, with donor-acceptor distances of 2.6 Å 
Figure 4.2: Discrete metalloligand of 2. 
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(Figure 4.3). The entire cycle is approximately planar, with all atoms falling within 0.2 Å of the 
mean plane defined by the eight carboxylic acid carbons.  Based upon a review of reported 
structures, very few examples of similar planar carboxylic acid tetramer assemblies have been 
structurally characterized, and a comparatively minimal number of non-planar carboxylic acid 
tetramers have been reported. For self-complementary hydrogen bonding interactions, dimers, 
tetramers, and catemers are the far more prevalently observed forms of carboxylic acids. The 
extended propagation of these hydrogen bonding interactions leads to the formation of a 2-
dimensional sheet parallel to the crystallographic ab plane, containing square and rectangular 
cavities in a checkerboard-type arrangement. Interactions perpendicular to the hydrogen bonding 
sheets consist of parallel-displaced π-π interactions between the aromatic rings of the isophthalate 
pendant with a minimum carbon-carbon distance of 3.6 Å. The resulting three-dimensional 
structure presents a series of double-layers which stack to form one-dimensional aromatic columns 
that buttress discrete cavities bracketed by macrocyclic moieties. The apical chloride ligand is 
directed toward the center of the carboxylic acid tetramer of the sheet above.  
 
Figure 4.3: Rare 32-member hydrogen-bonded motif (left). Discrete cavities bracketed by macrocycle moieties (right). 
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4.3.2. Crystal Characterizations 
The phase purity of isostructural frameworks 2, 3, and 4 was verified by powder X-ray 
diffraction (PXRD) studies, which evince that the diffraction patterns of the fresh samples are 
consistent with the calculated pattern (Figure 4.4). Comparisons of PXRD studies of the H8tactip 
ligand as freshly synthesized and after slow evaporation in polar aprotic solvents (DMF and 
Chloroform) showed disparate patterns from the calculated pattern; the lack of conformity to 
theoretical pattern of the isostructural series confirms the H8tactip ligand does not assume the 
hydrogen bonded tetramer arrangement naturally nor in aprotic conditions; suggesting the need for 
5 15 25 35 45
Figure 4.4: PXRD patterns of M(C44H44N4O16)Cl series (as-synthesized). 
Theoretical -black. Cu (1)-blue. Zn (2)-green. Co (3)-red. 
5 15 25 35 45
2Θ deg
Figure 4.5: PXRD patterns of theoretical M(C44H44N4O16)Cl series (black), 
H8Tactip As-synthesized (green), H8Tactip in CHCl3 (blue), H8Tactip in 
DMF (red). 
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the framework synthetic conditions to facilitate the alignment of the tetramer arrangement (Figure 
4.5).   
 Thermogravimetric analysis on freshly prepared 1  depicted a plateau until around 350˚C 
before depicting a 55% weight loss, corresponding to partial decomposition of the material, then 
the graph plateaus until 500 ˚C before complete degradation of the framework. Similarly, 3 
confirmed a plateau up to 300˚C, demonstrating moderate thermal stability of the isostructural 
series.   
IR spectra of 1, 2, and 3 shows the retainment of the very broad peak associated with an 
O-H stretch (νO-H= 3300 cm-1), consistent with the protonated carboxylate group of the H8tactip 
ligand (Figure 4.6).  
To examine the porosity of the isostructural series, gas adsorption studies were performed 
on an activated sample of 1. CO2 isotherms at 273K revealed 1 to retain negligible porosity evinced 
by a Langmuir surface area of 45 m2/g, which is presumably due to the collapse of the framework 
after the removal of guest solvent molecules. 
450145024503450
H8tactip
3-Co
2-Zn
1-Cu
Figure 4.6: IR plot of M(C44H44N4O16)Cl series. The “As-Synthesized” data was 
created using wet material from the mother liquor. Background was taken prior 
using the mother liquor 
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Given the demonstrated ability for azamacrocyclic-based MOFs as a Lewis acid based 
nanoreactor for the formation of cyclic carbonates via the cycloaddition of CO2 and epoxides at 
room temperature and under 1 atm pressure, we examined the catalytic performance of the series 
of supramolecular frameworks (Table 4.1). 1 demonstrates highly efficient catalytic activity for 
cycloaddition of propylene oxide with CO2 into propylene carbonate at room temperature under 1 
atm CO2 pressure with a yield of 100% over 48 h; similarly, 2 and 3 attained yields of 90 % and 
100 %, respectively.  The performance compares favorably with the reported activity of 
azamacrocyclic-based MOF, MMCF-2, and benchmark copper MOF, HKUST-1, which exhibit 
activities with propylene carbonate yields of 95.4% and 49.25% over 48h, under similar reaction 
conditions.  This high catalytic activity may be attributed to well-oriented catalytic sites in the 
interior of the discrete capsule-like regions formed within the hydrogen-bonded network. 
Table 4.1:Different substituted epoxides coupled with CO2 catalyzed by M(C44H44N4O16)Cl 
Entry Epoxide Product[a] 
Yield 
(%) 
1[b] 
 
 
100 
1[c] 
 
 
100 
1[d] 
 
 
90 
2[b] 
 
 
50 
3[b] 
 
 
37.5 
4[b] 
  
25 
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The performances of the series were examined in the chemical fixation of carbon dioxide 
different functional groups substituted epoxides under ambient conditions. Moderate catalytic 
activity was also observed for the cycloaddition of butylene oxide with CO2 into butylene 
carbonate at room temperature and 1 atm pressure with a yield of 50 % over 48 hours. The increase 
of molecular size of epoxide substrates led to an appreciable decrease in the yield of cyclic 
carbonates, as indicated by the 37.5 % formation of 3-butoxy-1,2-propylene carbonate and the 
25% formation of 3-tert-butoxy-1,2 -propylene carbonate from butyl glycidyl ether and tert-butyl 
glycidyl ether, respectively. This may possibly be attributed to the limited diffusion of large-sized 
epoxide substrate molecules into the capsule-like regions within the hydrogen-bonded network, 
thusly employing size-selective catalysis.  
Following the contribution of some literatures, the cycloaddition of epoxides and carbon 
dioxide into cyclic carbonates catalyzed via the Lewis-acid based catalyst, 1, likely adheres to the 
following tentatively proposed mechanism. The reaction is initiated through the binding of the 
epoxide substrate to the copper site within capsule cavity by the oxygen atom of epoxide, activating 
the epoxy ring. The bromide anion, generated from co-catalyst n-Bu4NBr, attaches to the less-
substituted carbon atom of the bound oxirane substrate to open the epoxy ring. Interaction of the 
carbon dioxide with the alkoxyanion generated from the opening of the oxirane ring to produce an 
alkylcarbonate anion, which converts to the corresponding cyclic carbonate via the ring closing 
step.  
(a) Reaction conditions: epoxide (25 mmol), Catalyst (20 mg), 
nBu
4
NBr (0.58 g), r.t., CO2 (101.3 kPa), 48 h. (b) Cu-HMMCF. (c) Co-
HMMCF, (d) Zn-HMMCF 
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4.4. Conclusion 
In summary, a series of isostructural compounds were obtained from the reaction of a 
custom azamacrocyclic ligand with zinc (II), cobalt (II), or copper (II) nitrate hydrates under 
solvothermal conditions. These compounds demonstrated intriguing crystal packing properties 
featuring capsule-like regions arising from supramolecular π – π interactions and rare, cyclic 
hydrogen-bonding carboxylic acid tetramers. The frameworks evinced significant performance 
toward the chemical fixation of carbon dioxide into cyclic carbonates at room temperature under 
1 atm pressure that is comparable to reported performance copper-based azamacrocyclic MOF, 
MMCF-2, and another copper-based MOF HKUST-1.  
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CHAPTER 5: A METALLOSUPRAMOLECULAR FRAMEWORK BASED ON A 
CUSTOM-DESIGNED MACROCYCLIC LIGAND FEATURING CHARGE-ASSISTED 
HYDROGEN-BONDING 
 
5.1. Introduction 
The design and synthesis of open frameworks exhibiting noteworthy structural, chemical 
and physical properties have drawn significant interest within the field of supramolecular 
chemistry. Due to extensive structural diversity and tunability, MOFs are the most investigated 
class of materials. The attention garnered by supramolecular frameworks may be attributed to not 
only their prospective application as functional materials1 but for potential intriguing and diverse 
molecular topologies and self-assembling processes.2-12 The methodology toward advancement of 
this type of functional architectures comprises of the employment of molecular building blocks 
which are capable of assembly via coordination chemistry and/or H-bonding. In comparison to 
more classical inorganic materials, this flexible approach displays a rational design strategy to 
achieve supramolecular architectures with specifically tailored properties. By the utilization of 
potentially available both diverse and versatile building units (organic, inorganic, or 
organometallic) with intriguing intrinsic properties, such materials may exhibit widespread variety 
of tailored physical or chemical properties, such as gas storage,13-15 sensors,16 sorption and 
separation processes,17 catalysis,18 ion-exchange,19 luminescence,20 guest-driven magnetic 
behaviors,21-24 etc.5,25 
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Non-covalent interactions, such as hydrogen, aerogen, halogen, chalcogen, and pnicogen 
bonds, along with n-π∗, π-π stacking, π-cation, π-anion and hydrophobic interactions, etc.26-43 can 
regulate the conformation, aggregation, or tertiary structure of a compound or molecule, its 
stabilization of extended framework structure and play   a   vital   role   in   varied specific 
phenomena   in   chemistry   and   biochemistry.   Amongst the multitude of weak attractive forces, 
the hydrogen bond1 is one of the most significant. The enthalpy of the conventional hydrogen 
bond lies within the range of 3–7 kcal/mol. Inter- and intramolecular hydrogen bonding, 
resonance-assisted hydrogen bonding (RAHB) and charge-assisted hydrogen bonding (CAHB) 
play a crucial role in the promotion of efficient and selective transformations in the synthesis of 
coordination compounds, as well as influence solubility properties, photophysical properties, and 
catalytic activity. CAHB,33 i.e.. interactions of the X(+)—H⋯Y(−) type wherein the X—H donor 
belongs to a cation and the Y acceptor originates from an anion, constitutes a powerful means to 
be used in synthesis and design of coordination compounds, affording less directional electrostatic 
interactions between complex molecules, unique coordination geometries and can regulate the 
Figure 5.1: H8Tactip Ligand 
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properties of those materials due to enhanced strength ionic charges. Commonly, CAHB is 
stronger than regular hydrogen bonds due to the additional electrostatic interactions.  
In this chapter, we report the structural description and characterization of azamacrocyclic-
based discrete metallosupramolecular framework of formula 
Ni(C44H40N4O16)(NH2(CH2)2)2(H2O)4 composed with custom-designed ligand 5,5’,5’’,5’’’- 
((1,4,7,10- tetraazacyclododecane-1,4,7-tetrayl) tetrakis(methylene)) tetraisophthalic acid 
(H8tactip, Figure 5.1) in which the extended structure is promoted by hydrogen bonding.  
5.2. Experimental 
 
5.2.1. Materials and instrumentations 
Commercially available reagents were purchased as high purity from Fisher Scientific or 
Sigma-Aldrich and used without further purification. Thermogravimetric analysis (TGA) was 
performed under nitrogen on a TA Instrument TGA 2950 Hi-Res from 30°C to 700 °C at the speed 
of 10 °C/min. FT-IR spectra were conducted on a Perkin Elmer Spectrum Two FT-IR instrument 
in a range from 4000 to 500 cm-1. The powder X-ray diffraction (PXRD) data for MMCF-3 was 
collected using a Bruker D8 Advance, CuKα, λ = 1.54178 Å (40 kV, 40 mA), at a range of 5 to 30° 
(2θ) and a stepwise of 0.5s/0.02° (2θ).   
5.2.2. Ligand Synthesis 
5.2.2.1. Dimethyl 5-methylisophthalate. The preparation of Dimethyl 5-
methylisophthalate may be achieved via previously reported method.44 To a stirred solution of 5-
methy isophthalic acid (10 g, 0.056 mol) in methanol (120 ml) was added p-toluenesulfonic  acid  
(0.963g,  5.6  mmol)  at  room  temperature  and  was  refluxed  for  12  hrs.  The reaction mixture 
was cooled, and the reaction mixture was evaporated under reduced pressure.  The residue was 
added water (60 mL) and dichloromethane (200 mL). The organic phase was separated, and the 
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water phase was extracted with dichloromethane (80 mL×3).  The combined organic phase was 
washed with sodium bicarbonate (50 mL× 2) and brine (50 mL).  The organic phase was dried 
over Na2SO4, and then concentrated to give the compound Dimethyl 5-methylisophthalate as a 
buff powder (10.401 g, 90%). 1H NMR (300 MHz, CDCl3, δ): 2.45 (s, ArCH3, 3H ), 3.94 (s, 
COOCH3, 6H), 8.04 (d, J = 0.3 Hz, rH, 2H), 8.49 (s, ArH, 1H). 13C NMR (75 MHz, CDCl3, δ): 
165.7, 138.8, 134.2, 131.3, 130.5, 52.5, 31.5. 
5.2.2.2. Dimethyl 5-(bromomethyl)isophthalate.  The preparation of Dimethyl 5-
(bromomethyl)isophthalate may be achieved via previously reported method.44 Dimethyl 5-
methylisophthalate (10.165 g, 48.359 mmol) was refluxed in 200 mL of CCl4 with N-
bromosuccinimide (10.329 g, 58.030 mmol) in the presence of a trace of dibenzoyl peroxide.  After 
cooling, the reaction mixture was filtered, the solution was concentrated to 30% of the original 
volume, and Petroleum ether (200 mL) was added. The mixture was brought to reflux, at which 
point a homogeneous solution formed and the flask was cooled in an ice-salt bath to precipitate a 
buff, crystalline solid.  The solid was washed with Petroleum ether (2×100 mL) and dried overnight 
in a vacuum oven at 50°C to afford the product Dimethyl 5-(bromomethyl)isophthalate as a buff 
powder (10.415 g, 75%). 1H NMR (300 MHz, CDCl3, δ): 3.96 (s, COOCH3, 6H), 4.54 (s, 
ArCH2Br, 2H), 8.25 (d, J = 1.6 Hz, ArH, 2H), 8.61 (t, J = 1.6 Hz, ArH, 1H). 13C NMR (75 MHz, 
CDCl3, δ): 166.6, 138.9, 134.6, 130.7, 128.1, 52.4, 21.3. 
5.2.2.3. 5, 5’, 5’’, 5’’’- (( 1, 4, 7, 10 - tetraazacyclododecane- 1, 4, 7 -tetrayl) 
tetrakis(methylene)) tetraisophthalic acid. The preparation of 5,5’,5’’,5’’’- (( 1,4,7,10 - 
tetraazacyclododecane- 1, 4, 7 -tetrayl) tetrakis(methylene)) tetraisophthalic acid (tactip) may be 
achieved via the adaptation of previously reported method.45 To a solution of 1,4,7,10-
tetracyclododecane (1.5 mmol, 258 mg) and methyl 4-(bromomethyl) benzoate (7.2 mmol, 1.65 
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g) in 100 mL of CH3CN, N,N,-diisopropylethylamine (5.065 mL, 29 mmol) was added. The 
suspension was refluxed for 24h. The solvent was removed, and the residue was partitioned 
between CH2Cl2 and water, extracted water phase with CH2Cl2 (50 mLx3). The combined organic 
layer was washed with brine, dried with sodium sulfate, crystallized from mixture solvent of 
hexane and ethyl acetate to afford product (0.813 g, 71%). This solid was dissolved in methanol 
(50 ml), and a solution of potassium hydroxide (0.50 g, 8.9 mmol) in water (2.5 ml) was added. 
The solution was refluxed overnight. The volatile was evaporated under reduced pressure, and the 
solution was neutralized with HCl (1M). Then precipitated solid was washed thoroughly with 
deionized water. The solid was collected and lyophilized to give product H8tactip (0.637 g, 60%). 
5.2.3. Crystal Syntheses 
5.2.3.1.  Ni(C44H40N4O16)(NH2(CH2)2)2(H2O)4 (1). A mixture of Ni(NO3)3·6H2O (2.0 mg, 
0.0068 mmol) and H4tactip (5.0 mg, 0. 0057 mmol) in a of solution N, N’-dimethylformamide (1.0 
ml) and methanol (0.5 mL) had its pH adjusted using hydrochloric acid. The mixture was then 
loaded into a Pyrex tube, sealed under vacuum, and heated to 120°C for two weeks. The resulting 
blue plate crystals were obtained (yield: 9.0% based upon ligand). 
5.3. Results and Discussion 
5.3.1. Crystal Description 
The reaction of the ligand with nickel (II) hexahydrate in a solution of N,N-
dimethylformamide (DMF) and water with a pH adjustment using nitric acid at 120°C gave rise 
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to small green plate crystals of 1 (figure 5.2). Single crystal X-ray diffraction reveals the 
framework to crystallize under space group Cm. The asymmetric unit of the framework contains 
one half of the macrocyclic ligand, wherein each isophthalate moiety is monodeprotonated, 
coordinating to a central divalent nickel cation, whose five-coordinate geometry is complete by a 
coordinated water molecule in the axial position with a Ni-O bond distance of 1.96 Å, and Ni-N 
distances of 2.05 Å and 2.06 Å; the trans N-Ni-N angles across the basal plane central Ni(II)ion  
resides 0.5 Å from the N4 donor mean plane. The asymmetric unit also includes one 
dimethylamine molecule, arising from the decomposition of the DMF solvent.   
The intermolecular interactions present in the structure consists primarily of a combination 
of strong, weak, and charge-assisted hydrogen bonding. One monodeprotonated isophthalate 
pendant carboxylate associates with a solvent dimethylamine molecule through CAHB with a N—
H⋯O- distance of 2.0 Å. The other oxygen of the carboxylate group associates with a solvent water 
molecule through hydrogen-bonding with O—O donor—acceptor distance of 2.6 Å. This solvent 
Figure 5.2: Discrete metalloligand of 1 
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water molecule participates in a weak intramolecular hydrogen-bonding interaction with the 
auxiliary water ligand displaying an O—O donor—acceptor distance 2.8 Å. The protonated 
carboxylate of the isophthalate moiety participates within CAHB with the monodeprotonated 
isophthalate pendant carboxylate of an adjacent metallated H8tactip ligand with O—O donor 
acceptor distance of 2.5 Å. The carboxylate group of the other monodeprotonated isophthalate 
pendant moiety of the asymmetric unit participates in CAHB with the protonated carboxylic acid 
of a monodeprotonated isophthalate group of an adjacent metallated H8tactip ligand with O— 
H⋯O-  donor acceptor distance of 1.9 Å. The other oxygen of the carboxylate group associates 
with two solvent water molecules through CAHB with O—O donor—acceptor distances of 2.7 Å 
and 2.6 Å with angle of 40.7°. The protonated carboxylic acid of the monodeprotonated 
isophthalate group participates in the aforementioned CAHB with the carboxylate group of an 
adjacent monodeprotonated isophthalate pendant moiety an adjacent metallated H8tactip ligand 
with O— H⋯O-  donor acceptor distance of 1.9 Å. There is also a weak C—H⋯O interaction, 
distance 2.2 Å, between the cyclen moiety and a solvent water molecule; this guest water molecule 
Figure 3: Double layer of 1. 
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also participates in a weak intramolecular hydrogen-bonding interaction with the auxiliary water 
ligand of an adjacent layer, displaying an O—O donor—acceptor distance 2.7 Å. 
5.3.2. Crystal Characterization 
The phase purity of the framework was verified by powder X-ray diffraction (PXRD) 
studies, which evince that the diffraction patterns of the fresh samples are consistent with the 
calculated pattern. PXRD studies after allowing the framework to stand in air over the course of 
four weeks showed the gradual appearance of a new crystalline MOF structure, which could also 
be obtained from the stated synthetic conditions with an extended dwell period of two weeks.  
0
50
100
150
200
250
300
0 0.2 0.4 0.6 0.8 1
C
O
2
u
p
ta
ke
 (
cc
/g
)
Relative Pressure P/P0
Figure 5.4: CO2 adsorption isotherm of Ni(C44H40N4O16)(NH2(CH2)2)2(H2O)8 
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Figure 5.5: N2 adsorption isotherm of Ni(C44H40N4O16)(NH2(CH2)2)2(H2O)8 
76 
 
The permanent porosity of the supramolecular framework was examined by gas adsorption 
studies were performed on an activated sample. N2 isotherms at 77K revealed the structure to retain 
a BET surface area of 501.4 m2/g (Langmuir, 646.7 m2/g). The CO2 adsorption isotherm collected 
at 195K reveals that the framework exhibits an uptake capacity of 260 cm3g-1 at one atmosphere 
pressure with typical type-I adsorption behavior.  
We calculated the heats of adsorption (Qst) of CO2 for the Ni-based supramolecular 
framework based upon the CO2 adsorption isotherms at 273 K and 298 K using the Classius-
Clapeyron and virial method.46 Both methods were consistent,  revealing the  exhibits a constant 
Qst of ~18 kJ mol-1 at all loadings, distinguishing itself from other MOFs with open metal sites or 
decorated with primary amine groups, whose Qst usually decreases abruptly with the increase of 
CO2 loading despite their high initial Qst. 
47-48 This behavior is tentatively attributed to the 
existence of tertiary amines from the azamacrocycles that are incorporated into the framework. 
5.4. Conclusion 
In summary, an azamacrocyclic-based discrete metallosupramolecular framework was 
obtained via solvothermal conditions. These compounds demonstrated intriguing crystal packing 
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Figure 5.6: Heats of adsorption of CO2 of Ni(C44H40N4O16)(NH2(CH2)2)2(H2O)8 
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properties featuring weak and strong hydrogen-bonding along with charge-assisted hydrogen-
bonding interactions. The framework exhibits permanent porosity with a BET surface area of 501.4 
m2/g, and respectable uptake of CO2 with a constant Qst of ~18 kJ mol-1 at all loadings. The 
employment of flexible azamacrocycle-based ligand represents a promising way to construct new 
types of functional porous materials for various applications. 
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